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“Diseases do not read textbooks.’






ABSTRACT

Multiple Sclerosis (MS) is very heterogenous in its clinical course. Over the years,
some patients develop no or mild disability, while in others the disease is extremely active
and leads to a rapid deterioration of neurological functions that severely affects their
quality of life. Despite great advancements in understanding some of the mechanisms
related to the disease and the availability of many drugs that can hamper its
manifestations, the biological basis underlying such heterogeneity is still largely
unknown.

In this PhD project, we aimed to study some of the aspects that characterize the clinical
diversity of MS, adopting measures of disease activity, severity, and progression. The
ultimate goal is to pave the way to treatment tailoring and potentially to future drug
development. To achieve our aims, we took advantage of a broad set of information on
the clinical, molecular (genetic, epigenetic, transcriptomic, neurofilaments), and
epidemiological (environmental factors) level, to gain a comprehensive insight on some
of the explored mechanisms.

In the genetic study of disease activity, we were able to prioritize some loci that are
fundamental in the modulation of the immune system, as for the Semaphorins and the
NAMPT, and that represent promising candidates for future targeted validation. In this
regard, we also provide evidence that vitamin D levels causally affect disease activity.

As a key point, in this project multiple independent evidence coming from the genetic,
the epigenetic and the environmental studies pointed out a role of genes related to the
activity of sex hormones, strongly suggesting that their known effect on the immune
system is responsible for disease manifestations, and that puberty is the fundamental
scenario in which the MS pathobiology takes place.

Finally, we discovered a novel locus in the HIF'/A gene that affects the susceptibility
to develop secondary progressive MS, likely driving chronic silent inflammation through
the response to oxidative stress, as demonstrated by multiple levels of evidence involving
gene expression, methylation, pharmacogenomics, neurofilament levels and the
paramagnetic rim lesions.

In conclusions, our findings provide a meaningful insight on different processes that
are important in driving clinical heterogeneity in MS, prompting the effectiveness of an

integrated approach when studying complex multifactorial diseases.
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1. Introduction: Multiple sclerosis

1.1 Epidemiology and clinical presentation

Multiple sclerosis (MS) is a chronic immune-mediated disorder of the central nervous
system (CNS), characterized by demyelination and neurodegeneration.

Globally, MS is a major cause of disability, especially among young people, with a
peak incidence between the age of 20 and 40 years. Its prevalence is approximately 50-
300 patients per 100,000 people and varies across different countries, affecting 2-3
million individuals worldwide (Figure 1.1). MS is nearly three times more common in
women than in men (Walton et al, 2020).

The clinical manifestations of the disease are diverse, as they depend on the area of
the CNS that is affected by the demyelinating lesions, typically considered the hallmark
of the disease. Demyelinating lesions can occur in the brain, the spinal cord, and the optic
nerves, resulting in a variety of symptoms. The most common are sensory and motor
impairment, myelitis, optic neuritis, and bladder dysfunction. At onset, the majority of
patients present with a relapsing-remitting (RR) clinical course, which is typically
characterized by relapses, monophasic episodes of neurological dysfunction followed by

a different degree of recovery, from complete to poor.

Number of people with MS
Prevalence per 100,000 people
B unknown

0-25

26-50
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W 101-200

W 200 -

Figure 1.1. Prevalence of MS in the world. From: Atlas of MS (https://'www.atlasofms.org/)



About 10% of MS patients has a primary progressive (PP) course (Koch et al, 2009),
which is characterized at onset by a slow and progressive development of disability over
time, despite few or no relapses. Patients presenting with a relapsing-remitting course
may experience a secondary progression (SP), characterized by a continuous clinical
worsening after the initial relapsing phase.

The most widely used tool to quantify disability in MS patients is the Expanded
Disability Status Scale (EDSS) score (Kurtzke JF, 1983). It is an ordinal score based on
the clinical evaluation of eight functional systems (pyramidal, sensory, visual, bladder
and bowel, cerebral, brainstem, cerebellar and other), and it ranges from 0 (no signs of
neurological dysfunction) to 10 (death) (Table 1.1). Despite many criticisms, the EDSS
score is still the main tool to assess disability progression and severity, both in clinical

routine and pharmacological trials (Meyer-Moock et al, 2014).

EDSS  Disability
0.0 Normal neurological exam

1.0 No disability, minimal signs in one FS
2.0 Minimal disability in one FS
3.0 Moderate disability in one FS or mild disability in three or four FS though fully

ambulatory.

4.0 Fully ambulatory without aid, self-sufficient, up and about some 12 hours a day
despite relatively severe disability; able to walk without aid or rest greater than 500
meters.

5.0 Ambulatory without aid or rest for about 200 meters; disability severe enough to

impair full daily activities

6.0 Intermittent or unilateral constant assistance (cane, crutch, brace) required to walk
about 100 meters with or without resting

7.0 Unable to walk beyond approximately 5 meters even with aid, essentially restricted
to wheelchair; wheels self in standard wheelchair and transfers alone; up and about
in wheelchair some 12 hours a day

8.0 Essentially restricted to bed or chair or perambulated in wheelchair, but may be out
of bed itself much of the day; retains many self-care functions; generally has effective
use of arms

9.0 Helpless bed patient; can communicate and eat

10.0 Death due to MS
Table 1.1. Description of the main EDSS steps.



1.2 Diagnosis

The current diagnostic criteria for MS rely upon the satisfaction of demonstration of
both spatial and temporal dissemination of the disease, as a core feature. The last revision
of the diagnostic criteria was published in 2018 and allows an accurate diagnosis, based
on the combination of clinical, Magnetic Resonance Imaging (MRI) and cerebrospinal
fluid (CSF) analysis data (Thompson AJ et al, 2018).

Brain and spinal cord MRI are fundamental for the diagnosis of MS. First, MRI is
needed to fulfill the spatial dissemination criterion, which is based on the evidence of
demyelinating lesions in at least two out of four areas of the CNS (cortical/juxtacortical,
periventricular, infratentorial and spinal cord) (Thompson AJ et al, 2018). Second, the
evidence of the simultaneous presence of gadolinium-enhancing and non-enhancing
lesions can also demonstrate the dissemination in time, provided that the patient has had
at least one clinical attack with symptoms identified by the clinician (Thompson AJ et al,
2018). The dissemination in time can also be demonstrated by the presence of oligoclonal
bands in the CSF or the history of at least 2 relapses (Thompson AJ et al, 2018). MRI is
also crucial in identifying other conditions that may mimic MS and that must be carefully
ruled out before making diagnosis of MS (Filippi et al, 2019).

Research is now focusing on improving the performance of the diagnostic criteria for
MS, for example including symptomatic optic nerve involvement or the presence of
lesions showing a central vein sign in the determination of dissemination in space

(Brownlee et al, 2018; Sinnecker et al, 2019).

1.3 Pathogenesis

MS has a complex multi-factorial pathogenesis, which is still largely unknown, despite
many recent advancements. Genetic and environmental factors play a central role in
determining both the susceptibility to the disease and its manifestations, which involve
inflammatory and neurodegenerative mechanisms (Filippi et al, 2018).

Briefly, the migration of autoreactive immune cells from the periphery to the CNS and
the initiation of an inflammatory process against the molecular components of myelin has
been considered for a long time the core feature of the pathobiology of the disease (Bar-
Or et al, 2021) (Figure 1.2). In a more modern view, such mechanisms integrate with an

underlying neurodegenerative process, which seems to arise early in MS and to proceed



in parallel and in combination with the inflammatory counterpart (Bar-Or et al, 2021).
Crucial is the role of microglial cells that react to inflammation, become overly activated
contribute to maintain a pro-inflammatory and neurodegenerative status (Absinta et al,

2021).
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Figure 1.2. Mechanisms of myelin damage in multiple sclerosis. From Liu et al, 2022.
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1.3.1 Genetic factors

In the past years, different studies have given an important contribution in assessing
the role of genetic factors in the susceptibility to MS (Goris et al, 2022). On this purpose,
the latest and largest study was published in 2019 by the International Multiple Sclerosis
Genetics Consortium (IMSGC) (International Multiple Sclerosis Genetics Consortium,
2019). The study investigated the effect of millions of Single Nucleotide Polymorphisms
(SNPs) on the susceptibility to develop the disease in 47,351 patients with MS and 68,248
controls of European ancestry. Thanks to this effort, 233 independent genetic loci have
been found to impact the risk of developing MS, including 32 risk variants in the Human-
Leukocyte Antigen (HLA) system and 1 risk variant in chromosome X. This study
included SNPs which were defined as common in the general population, having a Minor
Allele Frequency (MAF) > 5%. Cumulatively, such variants explain about 40% the
heritability of MS. Variants in the HLA system are the strongest genetic factor that has
merged so far, since the first studies that have been published (Goris et al, 2022). HLA
class I and II alleles code for molecules that are involved in the presentation of antigens
to CD8 and CD4 lymphocytes, the activation of which seems to be an important step in
the cascade of MS pathogenesis. In particular, HLA-DRB1*1501, tagged by the SNP
rs3135388 (De Bakker, McVean et al., 2006), seems to exert the biggest risk, with an
Odds Ratio (OR) of approximately 3 (Brynedal et al, 2007; Sawcer et al, 2011).
Conversely, the HLA-A*02 allele has shown a protective effect (Sawcer et al, 2011). In
a previous study from the IMSGC the role of variants with a low frequency (1-5%) were
investigated, and significant associations emerged (International Multiple Sclerosis
Genetics Consortium, 2018), even though the relative contribution of these variants seems
more modest, also considering that larger cohorts are needed to successfully identify more
loci. Many reports on small cohorts tried to determine the role of rare SNPs (MAF < 1%),
but in lack of proper validation studies the contribution of these variants still remains

unclear (Harding et al, 2019).
1.3.2 Environmental factors

The impact of some environmental factors on the risk of developing MS has been

explored by many studies. Overall, the environment is fundamental in the pathobiology
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of the disease, considering that only part of the risk of MS has been attributed to genetic
predisposition (Olsson et al, 2017).

1.3.2.1 Epstein-Barr Virus

Among the environmental factors, particular attention has been gathered by the
Epstein-Barr Virus (EBV) infection. A consistent body evidence has shown an
association between EBV seropositivity and MS, as nearly all the patients have detectable
IgG antibodies against EBV (Houen et al, 2020). A recent study has assessed that the risk
of developing MS in 955 people diagnosed with MS after EBV infection was increased
by 32-fold after EBV infection, while the risk was not affected when infection from other
viruses occurred (Bjornevik et al, 2022). In the same work, the levels of serum
neurofilament light chain (NFL), a recognized marker of ongoing inflammation and
neuroaxonal degeneration, started to increase only after EBV infection. These data
provide strong evidence that EBV is a very important factor in determining MS, even
though the biological mechanisms underlying this association are still not known. EBV
resides in a latent state in B cells, and it has been suggested that this factor could
contribute to activate B lymphocytes through mechanisms of molecular mimicry (Houen
et al, 2020). Conversely, studies showing invasion of the CNS of EBV-infected cells and
the presence of EBV positive cells in MS lesions have yielded controversial results
(Sargsyan et al, 2010; Hassani et al, 2018). Therefore, despite the epidemiologic
correlation, the causal mechanism underlying EBV infection and the increased risk of MS

1s still unclear.

1.3.2.2 Cigarette smoking

Smoking, both active and passive, is an important factor for MS, in a dose-dependent
manner (Ghadirian et al, 2001; Hedstrom et al, 2011). The main hypothesis is that
peripheral activation of lymphocytes occurs in lungs in patients who smoke as a
consequence of chronic pulmonary irritation. Autoreactive lymphocytes then migrate into
the CNS and initiate the inflammatory process that leads to demyelination and formation
of MS lesions. This mechanism is also supported by the finding that the use of oral
tobacco, very popular in Scandinavian countries, was not associated with increased risk

of MS (Hedstrom et al, 1999). Conversely, its content in nicotine, which showed

12



neuroprotective effect in preclinical models, may reduce the risk of MS, but larger studies
are needed to validate this result (Nizri et al, 2009).

Interestingly, smoking dramatically increases the risk of MS in carriers of the HLA
risk variants in a synergistic way. People who smoke, who are carriers of the risk allele
HLA-DRB1#15:01 and who lack the protective HLA-A*(02 allele have an OR of
developing MS of ~14 (Hedstrom et al, 2011).

1.3.2.3 Vitamin D

Higher vitamin D levels, favored by greater sun exposure, reduce the risk of MS
(Munger et al, 2006; Salzer et al, 2012), partly explaining why MS is more common in
Northern European countries (together with a higher prevalence of HLA-DRBI risk allele
in these populations). Higher vitamin D levels were also found to be associated to a better
outcome in terms of disease activity and disability progression in patients treated with
interferon beta-1b (Fitzgerald et al, 2015).

Through a major regulatory role on gene expression, vitamin D exerts
immunomodulatory effects in both adaptive and innate immunity (Gombash et al, 2022).
Some studies have suggested a neuroprotective effect of vitamin D, given its role in the
regulation of calcium intake in neurons (Hausler et al, 2019) and in the reduction of

oxidative stress through the Nrf2 transcription factor (Nachliely et al, 2019).

1.3.2.4 Gut microbiota, obesity, and other factors

The term ‘gut microbiota’ is referred to commensal and pathogenic bacteria that
colonize the intestine. Quite recently, an increasing body of evidence is promoting its role
in MS. In the preclinical setting, mice raised in a germ-free environment were resistant to
the induction of the Experimental Autoimmune Encephalomyelitis (EAE), the most
widely used animal model for MS. EAE was then triggered when microorganisms were
later introduced with feeding (Berer et al, 2011). Subsequent studies were successful in
showing that the gut microbiota is significantly different in MS compared to controls (Lee
et al, 2010; Miraza et al, 2017; Berer et al, 2017), and in RR-MS versus progressive MS
(Cox et al, 2021).

The driving hypothesis is that the microbiota is able to regulate the activity and the

maturation of both T and B lymphocytes, in addition to a stimulatory effect on the
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production of serotonin, which in turns regulates the immune system itself (Cosorich et
al, 2017; Correale et al, 2022). The gut microbiota is influenced by genetic and dietary
factors, and therefore an effort in assessing the role of specific dietary interventions as
potential therapeutic options for MS is ongoing (Correale et al, 2022).

Obesity also seems to have a role in MS. Multiple studies have pointed out that obesity
early during adolescence is associated with a greater risk of developing MS (Munger et
al, 2013; Langer-Gould et al, 203), also supported by Mendelian randomization studies
(Mokry et al, 2016; Gianfrancesco et al, 2017). Biologically, obesity can act on multiple
pathways that either sustain a pro-inflammatory environment or lead to decreased vitamin
D levels, which than alters immunomodulatory functions.

Data showing the effect of other environmental factors, like alcohol or caffeine
consumption, are to date more controversial, as in small-medium studies opposite effects

have been found (Olsson et al, 2017).

1.4 Treatment

Over the years, patients and clinicians have seen a great expansion in the number of
pharmacological options to treat MS. The use of Disease-Modifying Treatments (DMT),
which have been proven effective in dramatically reducing the occurrence of new
relapses, has led to an improvement in patients’ quality of life (Jongen, 2017). The
therapeutic approach is modelled on various individual characteristics, considering
clinical and radiological disease activity, prognostic factors, comorbidities, and patient’s
compliance.
Different lines of treatment are available for MS, with increasing level of efficacy but,
alongside, side effects and risks. Therefore, two strategies to treat MS at onset have been
largely debated: the escalating and the induction approach (Prosperini et al, 2020). In the
escalating approach, patients may be exposed to the risk of assuming drugs with under-
target efficacy, despite less frequently developing complications and side effects from the
treatment. In the induction approach, the clinicians identify patients at a higher risk of
short and long-term disability and start early with a high-efficacy treatment, controlling
for the potential risk. The rationale for this approach is that disease activity in early
relapsing phases predicts long-term disability and represents a strong negative prognostic

factor (Scalfari et al, 2014; Fisniku et al, 2008).
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DRUG MECHANISM OF ACTION LINE TARGET
Interferons Regulation of adaptive immunity, blood-brain barrier permeability I RR-MS
GA Anti-inflammatory shift from Th1 to Th2 lymphocytes I RR-MS
Teriflunomide Inhibition of dihydroorotate dehydrogenase and reduced immune cell growth I RR-MS
DMF Inhibition of Nrf-2 and NF-kB pathways, reduction of oxidative and inflammatory stress I RR-MS
Natalizumab Blocking of alfa-4 integrin; impaired lymphocytes and monocytes migration into the CNS II RR-MS
S1P modulators Reduction of lymphocytes migration from the lymph nodes to the CNS II RR-MS!
SP-MS?
Cladribine Purine analogue, depletion of lymphocytes II RR-MS
Anti-CD20 Depletion of CD20+ B lymphocytes II RR-MS
PP-MS3
Mitoxantrone Type II topoisomerase inhibitor II RR-MS
Off-Label: - -
Azathioprine Inhibition of purine synthesis
Rituximab Depletion of CD20+ B lymphocytes
Cyclophosphamide | Alkylating agent

Table 1.2. I[FN=Interferon. Drugs in the Interferons group are: IFN-beta-la (Avonex, Rebif-22, Rebif-44, Plegridy), IFN-beta-1b (Betaferon,
Extavia). GA=Glatiramer acetate (Copaxone). Drugs in the SI1P group are: fingolimod (Gylenia), Siponimod (Mayzent), Ozanimod (Zeposia). 1.
Fingolimod and Ozanimod are approved for RR-MS. 2. Siponimod is approved for SP-MS. Drugs of the anti-CD20 group are: Ocrelizumab
(Ocrevus) and Ofatumumab (Kesimpta). 3. Ocrelizumab is approved for PP-MS.
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Even though recent evidence has suggested a better long-term outcome in patients treated
with early intensive therapy versus first-line moderate-efficacy DMTs (Harding et al,
2019), the debate on the topic is still open.

A schematic overview on the currently approved DMT and the off-label drugs used in

MS, their mechanism of action and their target is reported in Table 1.2.

1.5 Disease activity in MS: key elements

As mentioned, MS has a very heterogenous clinical course in terms of disease activity.
Some patients present with a very low burden of relapses and lesions over the years and
accumulate no or mild disability, while in others the disease has a much more pronounced
activity that leads to a rapid deterioration of patients’ quality of life (Diaz et al, 2019).
Hence, markers that can reliably give indications on the probability of future
accumulation of disability and that can be used early, after the diagnosis of MS is
formulated, are strongly needed. Finding molecular markers may also give an important
insight on the biological mechanisms underlying the manifestations of the disease, which
can prompt new therapeutic options.

Demographic and clinical prognostic factors (as age at onset, gender, disability level
at onset, etc.) have been in use for a long time, and their role in the clinical practice is still
valid (Tintore et al, 2015). However, they are not able to detect all the aspects involved
in the disease. The ideal markers could aid the clinicians when deciding on treatment,
with the goal of minimizing the risk of under or overestimation of the potential
consequences of the disease or of the treatments.

The first step in order to accomplish this goal is to have reliable and powerful outcomes
that capture the manifestations of the disease, and its related disability. The availability
of effective and reliable outcomes of disease activity is key to achieve meaningful results
in a clinical or translational study.

Over the past few years, the definition of disease activity has evolved, along with new
acquisitions coming from basic, clinical, and translational research. In a more classical
view, the term ‘disease activity’ referred to the more easily measurable manifestations of
the disease, as the clinically defined relapses. The first outcomes used in clinical trials
were often unidimensional, as for example the annualized relapse rate (ARR) (Nicholas

etal, 2012). Although the ARR gives precious information, this kind of outcome is limited
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in terms of sensitivity. With the advent of MRI and its routine use in the diagnosis and
follow-up of MS, more sensitive measures of disease activity were introduced in clinical
trials, targeting, for example, the number of new or gadolinium-enhancing lesions. Most
importantly, composite outcomes of disease activity were then introduced, integrating
different levels of information from the clinical evaluation and the MRI examinations. In
this regard, the No Evidence of Disease Activity (NEDA) status has emerged as a widely
accepted measure of disease activity, and it has been implied in many clinical trials
(Banwell et al, 2013). In its more modern version, the NEDA status is often translated
into the NEDA-3 status, as its definition is composed by three dimensions: relapses,
EDSS progression and MRI activity (Banwell et al, 2013). Many researchers have also
recently suggested to expand the NEDA-3 status into a NEDA-4, adding measures of
brain atrophy at MRI (Kappos et al, 2016; Kappos et al, 2021).

Indeed, nowadays, the assumption that disease progression, clearly evident from the
clinical point of view, is silent at the imaging level as well, has radically changed. Despite
the absence of new lesions at conventional MRI examinations, consistent brain and spinal
cord changes are actually detected, if investigated with high sensitivity methods, and
provide a robust measure of underlying degeneration (Rocca et al, 2017). Moreover, a
consistent body of evidence has shown that, in some patients, neurodegeneration and
brain volume loss start early, even in the RR course (Eshaghi et al, 2018; Cagol et al,
2022).

After establishing that measuring brain atrophy was fundamental in MS, the scenario
radically evolved again over the past few years, thanks to the identification of the
paramagnetic rim lesions (PRL) by the means of advanced susceptibility imaging
techniques (Absinta et al, 2016; Absinta et al, 2018) (Figure 1.3). The PRL represent the
in vivo correlate of the chronic active lesions, that are known from pathological studies
to be more frequent in patients with progressive MS (Kuhlmann et al, 2017). The burden
of PRL is associated with disability measures in patients with MS (Absinta et al, 2019),
mirroring a process characterized by silent inflammation which is not detected by
conventional MRI. The silent inflammation is nevertheless a manifestation of the disease
and can be seen as part of the definition of disease activity, even though it is not

characterized by discrete relapses that are easily recognized.

17



2D SWI
unwrapped filtered phase

3D T2-FLAIR
1 mm isotropic voxel

3D seg-T2*w EPI 3D seg-T2*w EPI
magnitude unwrapped filtered phase
0.55 mm isotropic voxel 0.55 mm isotropic voxel

I

Figure 1.3. Paramagnetic Rim Lesions, adapted from Martire et al, 2022. Example of a
paramagnetic rim lesion (PRL) at 3-Tesla MRI in a patient with MS. Information on the different
MRI sequences and image resolution is reported by the authors. FLAIR = Fluid Attenuated
Inversion Recovery, SWI = Susceptibility Weighted Imaging; EPI = Echo Planar Imaging.

Nowadays, many drugs that hamper inflammation in the RR course of MS are
available, and they are effective in limiting the number of relapses or measures of disease
activity at conventional MRI. Conversely, very little is known whether already available
treatments have an effect also on the silent inflammation which is captured by the PRL.
Therefore, it has been suggested that the PRL will rapidly become a fundamental outcome

of disease activity in future trials, and some effort in this regard is already ongoing
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(Martire et al, 2022). Interesting measures will be, as an example, the proportion of PRL
in which the paramagnetic rim fades over time after the beginning of a pharmacological
treatment, or the mean volume of the PRL, as some of these lesions tend to expand over
the time due to the underlying inflammatory process and are referred to a slowly
expanding lesions (Elliott et al, 2019).

Another important concept, that is strictly related with disease activity and disability
progression, is disease severity. Disease severity ranks the disability that affects patients
and therefore is a comprehensive measure that reflects, at a more functionally oriented
level, the damage due to underlying disease activity (Kister et al, 2020). As mentioned,
the most widely accepted tool to rate disability in MS is the EDSS score. This score faces
many pitfalls, mainly due to non-linearity of its measurement (Kister et al, 2020). To
overcome this limit, the use of other severity scores with a linear distribution has been
suggested. Among the most important severity scores in MS, it is worth mentioning the
Multiple Sclerosis Severity Score (MSSS), which ranks patients’ disability based on
EDSS score adjusted for disease duration (Roxburgh et al, 2005), and the Age-Related
Multiple Sclerosis Severity (ARMSS) score, which relies on EDSS and age
(Manouchehrinia et al, 2017). The use of ARMSS instead of MSSS allows to prevent a
potential bias due to the uncertainty on when exactly the disease started in many patients,
also considering that most likely the biological cascade of MS is activated earlier than
evident clinical manifestations occur (Manouchehrinia et al, 2017).

In conclusion, our view is that the clinical diversity of the disease is sustained by
different shades of the same integrated biological process. It is clear that one single
comprehensive outcome measure does not exist; therefore, in the present work, we will

imply different kinds of outcomes to study the same entity from different angles.
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2. Aims of the work

Understanding the biological basis of a disease is crucial for a better management of
patients, the successful development of new therapeutic options (Dugger et al, 2018) or
for the repurposing of already available drugs (Pushpakom et al, 2019).

As we discussed above, MS is heterogenous in terms of clinical manifestations, and
very little is known about the biological mechanisms that underlie this heterogeneity.
Gaining such knowledge would be extremely important for different reasons: 1) to have
meaningful markers that could help a tailored treatment; 2) to drive future drug
development, especially for progressive MS, for which the treatment is still largely an
unmet need.

Therefore, the overall aim of this work is to provide an insight on the mechanisms that
contribute to the clinical heterogeneity that characterizes MS, focusing on measures of
disease activity, severity, and progression. Our approach will include different kinds of
molecular and environmental information, and it will be modelled on the basis of an
underlying clinical reasoning. An overview of the design of the present work is shown in

Figure S2.1.

Specifically, our aims are:

1. To assess the molecular determinants (genetic, epigenetic and vitamin D levels) of
disease activity assessed by the NEDA-3 status;

2. To investigate whether the exposure to specific environmental factors early during
lifetime affects future disease severity;

3. To study potential genetic factors driving chronic silent inflammation in progressive

MS.
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RESULTS

3. Study 1: Genetic factors underlying disease activity

In this first study, we aim to explore the genetic factors that could potentially influence
the risk of disease activity in MS. Despite many works that have assessed the genetic
determinants of the susceptibility to MS (IMSGC, 2011; IMSGC, 2019), very few papers
investigated measures of disease activity, and they were mainly focused on relapse hazard
only (Hilven et al, 2018; Vandebergh et al, 2021).

Herein, we adopt the No Evidence of Disease Activity (NEDA-3) status, a well-
established composite outcome to identify disease activity in MS (Banwell et al, 2013).
Specifically, we will imply the NEDA-3 status to assess whether there are genetic factors
that affect the risk of having signs of disease activity at 2-years follow-up from the
beginning of a new first-line DMT, meta-analyzing an Italian cohort of 1,183 patients and
a French cohort of 299 patients. The clinical features of the two cohorts are reported in

Table 3.1. Inclusion of the patients is discussed in the Methods section (Chapter 9.1.1)

OSR CHUT p-value
No. 1,183 299 -
F/M ratio | 2.25 (819/364) 3.27 (229/70) <0.001
Age (mean, SD) 34.56 (9.67) 36.20 (10.32) 0.014
Disease duration 5.42 (6.06) 5.90 (6.56) 0.84
Median EDSS at BL (IQR) 1.5 (1.0-2.0) 1.5 (1.0-2.5) 0.34
Relapses before BL (mean, SD) 1.38 (0.98) 1.45 (1.13) 0.71
DMT started at BL | 1FN 774 (65%) IFN 156 (53%) -
GA 327 (28%) GA 46 (15%)
DMF 69 (6%) DMF 54 (18%)
TERI 12 (1%) TERI 39 (14%)
NEDA-3 at 2 years | EDA 782 (66%)  EDA 223 (75%) 0.0062
NEDA 401 (34%) NEDA 76 (25%)

Table 3.1. Clinical and demographic features of the cohorts included in the genetic study.
Differences between the two cohorts were tested by the Mann-Whitney or chi-square test, as
appropriate, and the p-value is reported in the rightmost column. F/M: Female/Male.
SD=standard deviation. EDSS = Expanded Disability Status Scale score. IQR = interquartile
range. BL = baseline. DMT = Disease-Modifying Treatment. IFN = interferon. GA = Glatiramer
acetate. DMF = Dimethyl Fumarate. TERI = Teriflunomide. EDA = Evidence of Disease Activity.
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3.1 Results

3.1.1 Meta-analysis results

After Quality Controls (QC), first we performed the two preliminary single-cohort
GWAS for OSR and for CHUT, finding no genome-wide significant association.
Different Single Nucleotide Polymorphisms (SNPs) showed a suggestive association with
the NEDA-3 status (Appendix: Supplementary Results, Table S3.1 and Table S3.2).

We then proceeded with a fixed-effect meta-analysis to increase statistical power, taking
advantage of the combination of the two cohorts. We meta-analyzed 3,948,158 SNPs that
were common to the two cohorts, in a total of 1,408 patients. A quantile-quantile (QQ)
plot showing the genomic inflation factor is shown in Figure 3.1, suggesting no

significant population stratification (A= 1.012).

Observed -logio(p)

Expected -logo(p)

Figure 3.1. QQ-plot showing the genomic inflation factor (1) for the meta-analysis.

In the meta-analysis, we did not find any genome-wide significant association using a
Bonferroni correction to account for multiple testing (p < 5e-08), but many variants
showed a p-value which was suggestive for association with the NEDA-3 status (p < le-
05). The results of the meta-analysis are reported in Table 3.2 and a Manhattan plot is
shown in Figure 3.2. The heterogeneity level explored by Cochran’s Q and I was overall

acceptable, considered the difference in sample size between the two cohorts (Table 3.2).

22



~ 6 — @ 52158725 rs11633419
rs17785714
1081 rs115961368

2 rs62479575 @ 510815046 rs11647413
o

b

(@)]

o 4 —

|

123 5 7 9 11 14 18

Chromosome

Figure 3.2. Manhattan plot of the genome-wide meta-analysis between OSR and CHUT. Red line
= genome-wide significant threshold (p-value < 5e-08); blue line = threshold for a suggestive
association (p-value < le-05)

We then used the OpenTarget VariantToGene pipeline to assign genes to variants, in
a way which is both position- and function-informed. The top-associated gene for each
of the top-associated variant is reported in the rightmost column in Table 3.2.

All the technical details regarding genotype imputation, single-cohort QC, genome-
wide association studies, meta-analysis and the OpenTarget pipeline are described in the
Methods section (Chapter 9.1).

The top-associated signal, tagged by rs2158725 (p=2.15e-06; ORgpa=0.57), maps to
the Semaphorin-3E (SEMA3E) gene. The Minor Allele Frequency (MAF) of rs2158725
is 0.14 in the European population (Karczewski et al, 2020), and the variant is known to
exert a functional effect on the SEMA3E gene, through the modulation of DNA
methylation (GoDMC, 2021). The role of the semaphorins, fundamental regulators of the
immune system and myelin repair, and the functional impact of the variant are discussed

more extensively in Chapter 3.2.
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CHR BP SNP Al P ORepa 0 1 Gene
7 83297241  1s2158725 C  2.15E-06  0.57 024 2796 SEMA3E
15 23779479  1s11633419 T  2.84E-06  0.68 0.11 614  MKRN3

3 167897639 1s17785714 T  4.20E-06  0.45 024 27.16 GOLIM4

12 31825120  rs11551368 C  5.23E-06  1.80 0.77 0 RESF1
T
T
G

9 4641755  rs10815046 5.51E-06  0.59 0.46 0 PLPP6
7 105954740  rs2704966 8.35E-06  0.67 031 326 NAMPT
16 10424872  1s11647413 8.95E-06 1.50 0.66 0 ATFETIP2
2 153953265 1s62179575 T  9.13E-06  0.65 0.25 24.44 PRPF40A

Table 3.2. Results of the genome-wide meta-analysis on the NEDA-3 status. The summary
statistics for lead variant of the top associated genetic loci (p < le-05) are reported, together
with the mapped gene using the OpenTarget pipeline (see text for further detail). BP = base-pair
positions (reference GRCh37/hgl9). Al = effect allele; P = p-valuee; ORgps = Odds Ratio for
EDA status. Q = Cochran’s Q; I = F statistics for heterogeneity; GENE = UCSC RefSeq gene
symbol of the top-associated gene at the OpenTarget VariantsToGene analysis.

The second top-associated signal (lead SNP: rs11633419; p=2-84e-06;
OREpa=0.68) involved the MKRN3 (Makorin Ring Finger Protein 3) gene, which has
been shown to regulate the onset of puberty in mammalians, as it is expressed in brain
and acts on the Gonadotropin-Releasing hormone during childhood (Abreu et al 2020; Li
et al, 2020).

Among the variants showing a suggestive association, also the signal in
chromosome 7 mapping to the NAMPT (Nicotinamide Phosphoribosyltransferase) gene
may be very promising, since NAMPT inhibition was suggested as a target to enhance
neurological recovery in MS (Li et al, 2016). The lead variant (rs2704966; p=8.35e-06;
OREpa=0.67) is located in an enhancer region of NAMPT and has a reported frequency
of 0.33 in the European population (Karczewski et al, 2020). The variant is known to
exert an expression-QTL (eQTL) and mQTL effect on blood, as discussed in Chapter 3.2.

3.1.2 Gene Ontology enrichment and pathway analysis

To have an overview on the potential biological mechanisms underlying different
disease activity levels, we run an enrichment and pathway analysis, as described in the
Methods. We found a significant enrichment ratio for the GO:0034341 term (‘Response
to interferon gamma’), despite adjustment for multiple testing. Notably, some other

interesting terms, that did not pass the False Discovery Rate (FDR) < 0.05 threshold for
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multiple testing, were also nominally enriched, as ‘Cell chemotaxis’, ‘Homotypic cell-cell
adhesion’, ‘Integrin-mediated signaling pathway’ and ‘Neuroinflammatory response’
(Table 3.3 and Figure 3.3).

Interestingly, most of the same genes that belong to the ‘Response to interferon
gamma’ term (JAK2, CX3CLI, CCL22, CCLI17), were also part of the ‘Chemokine
signaling’ pathway, that resulted significant when the same top 100 genes were used as
input in an analysis involving pathways from the Kyoto Encyclopedia of Genes and
Genome (KEGG) (FDR-adjusted p-value=0.0187; enrichment ratio = 8.47). The results
of the pathway analysis are reported in Table 3.4.

response to interferon-gamma
° 128345678

-Log10 of FDR

cell chemotaxis homotypic cell-cell adhesion

0.8 - o ¢
integrin-mediated signaling pathway

0.6 - o °
r®yati®e regulation of catabolic process

reaugangl PoSi AW BrEtvakmissoization

regulation of DNA-b'Wding transcription factor activity
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Figure 3.3. Volcano plot showing the results of the Gene Ontology enrichment analysis. Each dot
represents a Gene Ontology (GO) term, and the color scale reflects the significance of the p-value
after FDR adjustment (reported on a -logl0 scale on the Y axis). On the X axis the log2 of the
enrichment ratio for the GO term is reported.
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GO term description oL exp ER p-val p-fdr genes
GO0:0034341 | response to interferon-gamma 7/192 092 7.60 3.64E-05 0.031 JAK2;NLRCS5;CX3CL1;CCL22;
CCL17;CD47,CAMK2D
GO:0060326 | cell chemotaxis 7/289 139 5.05 4.59E-04 0.150 PIK3CG;CX3CLI1;CCL22;CCL17;
PRKDI1;PRKCQ;SBDS
GO:0034109 | homotypic cell-cell adhesion 4/78 037 10.70  5.30E-04 0.150 PIK3CG;SERPINE2;SLC7A11;
PRKCQ
GO:0007229 | integrin-mediated signaling pathway 4/101 048 8.26 1.40E-03  0.253  EMP2;CUL3;PRKDI1;CD47
GO:0150076 | neuroinflammatory response 3/48 0.23 13.04 1.56E-03 0.253 NAMPT;CX3CL1;ADCYS8
GO:0050878 | regulation of body fluid levels 8/483 232 345 2.12E-03  0.253  JAK2;AK3;PIK3CG;EMP2;ADCYS
SERPINE2;SLC7A11;PRKCQ;
GO:0009895 | negative regulation of catabolic process  6/282  1.35 4.44 2.30E-03 0.253 ETFBKMT;PIK3CG;NAMPT;
GRIN2A;SERPINE2;SCFD1
GO:0007015 | actin filament organization 7/388 1.86 3.76 2.53E-03 0.253 MAGEL2;PDCD10;JAK2;EMP2;
CX3CLI1;CUL3;CD47
GO:0045785 | positive regulation of cell adhesion 7/392 1.88 3.72 2.68E-03 0.253 JAK2;EMP2;ADGRGI1;CX3CL1;

PRKCQ;HHLA2;CD47

Table 3.3. Gene Ontology (GO) enrichment analysis for the top 100 associated SNPs. OL = number of genes overlapping/size of the GO term, exp =
expected overlap; ER = Enrichment Ratio; p-val = nominal p-value; p.fdr = FDR-adjusted p-value,; genes = genes overlapping.
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oL

geneSet description Exp ER  p-val p.fdr  genes
hsa04062 | Chemokine signaling pathway 6/189 0.71 8.47 5.74E-05 0.019 JAK2;PIK3CG;CX3CL1;CCL22;CCL17;ADCY8
hsa04725 | Cholinergic synapse 4/112 042 9.53 7.43E-04 0.121 JAK2;PIK3CG;ADCYS8;CAMK2D
hsa04720 | Long-term potentiation 3/67 025 11.94 1.93E-03 0.209 GRIN2A;ADCYS8;CAMK2D
hsa04713 | Circadian entrainment 3/96 036 8.34 5.34E-03 0.282 GRIN2A;ADCYS8;CAMK2D
hsa04925 | Aldosterone synthesis and secretion 3/96 036 8.34 5.34E-03 0.282 PRKDI1;ADCYS8;CAMK2D
hsa04750 | Inflammatory mediator regulation of 3/99 0.37 8.08 5.82E-03 0.282 PRKCQ;ADCYS8;CAMK2D

TRP channels
hsa04024 | cAMP signaling pathway 4/199 0.75 536 6.06E-03 0.282 GRIN2A;CNGB1;ADCY8;CAMK2D
hsa04724 | Glutamatergic synapse 3/114 043 7.02 8.59E-03 0.350 SLCIA1;GRIN2A;ADCY8
hsa04261 | Adrenergic signaling in cardiomyocytes 3/144 0.54 5.56 1.62E-02 0.585 PIK3CG;ADCY8;CAMK2D
hsa04921 | Oxytocin signaling pathway 3/152  0.57 526 1.87E-02 0.608 PIK3CG;ADCY8;CAMK2D

Table 3.4. KEGG pathway analysis for the top 100 associated SNPs. OL = number of genes overlapping/size of the pathway, exp = expected overlap;
ER = Enrichment Ratio; p-val = nominal p-value; p.fdr = FDR-adjusted p-value; genes = genes overlapping
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3.2 Considerations

The genetic drivers of the heterogeneity that characterizes disease activity in MS have
been little explored by previous studies. The main reason lies behind the significant
sample size that is needed to yield confident results when testing genome-wide
associations. International consortia have reached extraordinary advancements in
studying the genetic risk of developing MS, taking advantage of meta-analysis of several
cohorts from different centers across the world (IMSGC, 2019). Performing the same
kind of studies in the context of a multicentric consortium is much more problematic.
Exploring phenotypes that go beyond the susceptibility to the disease needs a much more
consistent effort, with the harmonization between clinical data across centers representing
the biggest pitfall. In this context, the present work, taking advantage of two independent
European cohorts, tries to explore possible genetic determinants of disease activity in MS,
using the NEDA-3 status as a measure, a composite outcome used in many clinical trials
(Banwell et al, 2013).

The top associated signal in the meta-analysis involves the SEMA3E gene, with the
minor allele C for the lead variant rs2158725 exerting a protective effect towards disease
activity. Literature data support a functional impact of the lead variant. In a multicentric
effort involving about 36,000 controls (GoDMC, 2021), rs2158725 exerted a mQTL on
a CpG (cytosine-phosphate-guanine) dinucleotide (cg18464137) located in the promoter
of the SEMA3E gene (p-value = 9.73e-206; beta coefficient for C allele: 0.45), likely
suggesting a silencing effect on the expression of the gene, which could be more prevalent
in patients who did not show signs of disease activity according to our findings (ORgpa
for the C allele = 0.57; p-value = 2.15E-06). The Semaphorin-3E protein is part of the
semaphorin superfamily, which is largely involved in the regulation of the immune
system. The role of semaphorins has been the target for investigation in the past years.
The semaphorins are mediators of the migration of oligodendrocyte precursors,
potentially leading to recovery in demyelinating lesions of the CNS (Williams et al,
2007). In a recent work, the Semaphorin-4D was found to be the fundamental molecule
mediating the microglia-astrocyte interaction underlying EAE, through its binding to the
Plexin Bl and PlexinB2 (Clark et al, 2021). Semaphorin 3A and 4A expression is
decreased in MS patients versus healthy controls and seem to have an opposite role in the

activation of T regulatory cells (Eiza et al, 2022). Proteins of the semaphorin superfamily
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have been found also in the whiter matter of MS lesions, supporting a role of Semaphorin
3A and 7A as mediator proteins in astrocytes and microglia/microphages, that prevent
remyelination in MS lesions (Costa et al, 2015).

The role of the Semaphorin 3E specifically, that we found potentially associated with
disease activity in MS, has been less characterized by previous studies. Dendritic cells
express SEMA3E, and its transcript binds to a specific receptor on the surface of NK cells
and serves as a limiting factor for the migration of NK cells (Alamri et al, 2018). The
Semaphorin 3E/Plexin D1 axis is an important therapeutic target in allergic asthma as
well (Movassagh et al, 2019). SEMA3E is important in the proliferation and migration of
Schwann cells, glial cells of the peripheral nervous system, and has been suggested as a
potential target to enhance nerve regeneration (Shen et al, 2022). Given this body of
evidence, SEMA3E represents a good candidate for future functional studies to assess the
exact mechanism through which it could contribute to determine manifestations of
disease activity in MS.

As mentioned, also the signal targeting the NAMPT gene looks promising in the
context of MS. The lead variant in this locus is known to exert an eQTL effect in whole
blood, and specifically on circulating monocytes (Fairfax et al, 2014). Moreover, it was
found to have a mQTL effect in whole blood, with the minor allele T increasing the
methylation level of ¢g05004518 in the gene body (p=1.88e-89; beta: -0.20; GoDMC,
2021), therefore likely leading to silencing of gene expression in immune cells (Weber et
al, 2007). This finding could be of particular interest in the MS field, as inhibition of
NAMPT has been shown to ameliorate Experimental Autoimmune Encephalitis (EAE) in
mice (Meyer et al, 2022) and it has been proposed as a target to enhance neurological
recovery in MS (Li et al, 2016).

NAMPT is the limiting enzyme in the conversion of nicotinamide to nicotinamide
mononucleotide, which then results in the production of nicotinamide dinucleotide
(NAD+), a metabolic process that is core in cellular redox reactions. Imbalance of NAD+
is reported in many diseases, including neurodegenerative diseases, aging, and immune
diseases (Verdin E, 2015). Inhibition of the nicotinamide phosphoribosyltransferase,
coded by the NAMPT gene, has been recently proposed as a therapeutic target in MS.
NAMPT inhibition has been shown to limit the inflammatory properties of the astrocytes,

through the means of CD38 and monocytes, resulting in an amelioration of the EAE in

29



mice (Meyer et al, 2022). We found that the rs2704966 T allele is associated to a lower
probability of EDA and literature data support its role in down-regulating NAMPT in
monocytes. This finding points towards the same direction of the work, showing that the
anti-inflammatory activity of NAMPT inhibition goes through modulation of monocytes
activity, that resulted in improved EAE outcome (Meyer et al, 2022). NAMPT inhibition
has been also shown to mediate the neurological recovery in EAE mice treated with neural
stem cells transfected with LINGO-1-Fc (Li et al, 2016).

Overall, it is interesting to note that both the above-mentioned mechanisms are in a
close relationship with the function of oligodendrocytes and microglial cells, suggesting
that they may contribute to an intrinsic regulatory balance of CNS inflammation.
Perturbations to this fine mechanism, given by external triggers and influenced by
underlying genetic variation, may therefore lead to clinical manifestations of disease
activity, as explored by the NEDA-3 status.

These findings are additionally supported by our results on GO enrichment and
pathway analysis, in which we found a significant enrichment for ‘Response to interferon
gamma’ and ‘Chemokine signaling’ pathways, which survived adjustment for multiple
testing. It is worth mentioning that most of the patients included in the study (~60%)
started a treatment with interferon-beta at the baseline timepoint. With this in mind, such
results appear to be even more biologically plausible. For example, the JAK2 gene, which
was part of the two above-mentioned pathways, is a key player in the activation of Th17
cells, the final effectors in the inflammatory cascade in MS (Conti et al, 2012).

As a limitation of our study, we recognize that the sample size is likely to be
underpowered, as pointed out by the downward deflection of the curve in the QQ-plot
(Figure 3.2). Limited statistical power does not allow to draw any final conclusions when
exploring which are the genetic drivers of disease activity in MS. However, it is extremely
difficult to find additional cohorts of patients that are very well characterized at the
genetic level but also at the clinical and neuroradiological level, in order to be able to
define the NEDA status for the enrolled patients. Nevertheless, our results can still at least
partially address the question and hopefully prompt future investigations, paving the way

to larger multicentric efforts.
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4. Study 2: Epigenetic factors underlying disease activity

DNA methylation, the addition of a methyl group (-CH3) at CpG dinucleotide sites, is
one of the most stable epigenetic hallmarks across species (Mattei et al, 2022). Generally,
methylation of CpG dinucleotides in enhancers and promoters leads to silencing of the
genes, while methylation occurring in the gene body is usually linked to increased
expression (Weber et al, 2007). The study of DNA methylation has been proven very
effective in many areas of human biology and medicine, as it is a key element in the
crosstalk between genetics, environment, and gene expression (Mattei et al, 2022). In
medicine, as an example, the study of Differentially Methylated Positions (DMP) and
Differentially Methylated Regions (DMR) has led to consistent advancements in
understanding mechanisms of tumorigenesis and cancer transformation (Klutstein et al,
2016). A schematic representation of the difference between DMP and DMR is shown in

Figure 4.1.
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Figure 4.1. Schematic representation of Differentially Methylated Positions (DMP) and
Differentially Methylated Regions (DMR). Each yellow pin represents a CpG dinucleotide site.
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In the past few years, the study of epigenetics in general and of DNA methylation has
greatly expanded in MS as well (Zheleznyakova et al, 2017). Many works have shown
that changes in DNA methylation occur in MS patients compared to healthy controls,
both in bulk tissue (Kulakova et al, 2016; Marabita et al, 2017) and isolated cell types
(Baranzini et al, 2010; Maltby et al, 2015; Bos et al, 2016). DNA methylation is a
recognized mediator of the risk of MS associated with the HLA-DRB1*15:01 allele
(Kular et al, 2018). Conversely, very few studies have been published regarding the
association of DNA methylation and measures of disease activity or severity in MS

(Campagna et al, 2022).
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In this work, we will explore the association between the methylation profile before
the start of a first line DMT and disease activity assessed by NEDA-3 status after 2-years
of follow-up. The study was performed in previously untreated MS patients from IRCCS
San Raffaele Hospital (OSR) and at the Centre Hospitalier Universitaire de Toulouse
(CHUT). Detailed inclusion criteria are reported in the Methods section (Chapter 9.2.1)

Clinical features of the cohort at baseline are shown in Table 4.1.

OSR CHUT Total p-value
N subjects 75 174 249 -
Age sampling 37.1(9.8) 40.1(10.8) 39.2 (10.3) 0.04
AAO 32.7 (8.9) 33.4(10.2) 33.2 (10.1) 0.68
F/M ratio 1.59 3.97 2.89 0.0021
Disease duration 4.3 (6.5) 6.6 (7.7) 59(7.2) 0.046
EDSS at BL 1.5 (1.0-2.0) 1.5 (1.0-2.5) 1.5 (1.0-2.0) 0.13
EDA/NEDA 2 yr 29/46 106/68 135/114 0.002
DMT started at BL -
DMF 68% 42% 50%
Teriflunomide 16% 34% 29%
Copaxone 13% 8% 9%
Interferon 3% 16% 12%

Table 4.1. Baseline characteristics of the cohort. N = number; AAO = age at onset; F/M ratio =
Female/Male ratio; BL = baseline. DMT = Disease-Modifying Treatment. In the rightmost
column, the p-values from chi-square test or Mann-Whitney-Wilcox test are reported, to explore
baseline differences between the two centers (OSR vs CHUT).

4.1 Results
4.1.1 Identification of Differentially Methylated Positions (DMP)

After performing rigorous QC as described in Chapter 9.2, we carried out a differential
methylation analysis to unravel sites of the genome that are differentially methylated at
baseline in patients who will have Evidence of Disease Activity (EDA) versus patients
with NEDA. As a result, we found 7 DMP passing the multiple-testing correction. A list
of the top 20 DMP and the mapped genes is reported in Table 4.2.

The top-associated CpG, ¢g27267436 (p=6.4e-08), maps to an intronic region of
APBA3 (Amyloid Beta Precursor Protein Binding Family A member 3) and it was found
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cpg logFC p-value adj.Pval CHR BP gene genomic.loc CpG island loc
cg27267436 0.20 6.42E-08 0.046 19 3754012 APBA3 Body island
cg20025086 -0.11 1.65E-07 0.046 12 109569130 IGR opensea
cg20308351 -0.21 1.77E-07 0.046 7 3067980 CARDI11 S'UTR opensea
cg22193657 -0.09 2.61E-07 0.046 3 194948010 XXYLT1 Body opensea
cg19915997 0.16 3.61E-07 0.046 3 15492725 COLQ 3'UTR opensea
€g25829490 -0.18 4.00E-07 0.046 2 176988792 HOXD9 Body shore
cg12362502 0.22 4.16E-07 0.046 6 43603544 MAD2L1BP TSS200 island
cg07146435 -0.12 6.45E-07 0.061 10 100028499 LOXL4 TSS1500 island
cg00352218 -0.18 7.05E-07 0.061 6 19691654 IGR shore
cg07973246 -0.17 1.20E-06 0.094 12 64238719 SRGAP1 Body shore
cg24764861 0.17 1.34E-06 0.095 16 1495122 CCDC154 TSS1500 island
cgl1923320 -0.13 1.47E-06 0.095 1 63783977 IGR island
cg14345857 -0.16 1.62E-06 0.096 5 72742869 FOXDI1 IstExon shelf
€g25911023 0.14 1.73E-06 0.096 1 202776454 KDMS5B Body island
cg01144764 0.26 2.34E-06 0.121 10 121633063 C100rf119 TSS1500 island
cg24424115 0.13 2.64E-06 0.129 3 58476822 KCTD6 TSS1500 shore
cg18190847 -0.17 4.60E-06 0.200 3 11195751 HRHI1 S'UTR shore
cg06138439 -0.09 4.62E-06 0.200 16 54973128 IGR shore
cg17886959 0.16 5.58E-06 0.214 16 56642024 MT2A TSS1500 shore
cg02919861 -0.20 5.80E-06 0.214 8 70090456 IGR opensea

Table 4.2. Top 20 Differentially Methylated Positions (DMP) according to the NEDA/EDA status. LogF'C= log fold-change in EDA vs NEDA; adj.Pval
= 5% FDR adjusted p-value; CHR = chromosome; BP=base-pair position, gene=mapped gene according to University of California Santa Cruz (UCSC)

RefSeq annotation, genomic.loc= location in the genome. IGR = intergenic region; TSS=transcriptional start site. CpG island loc = location related to
UCSC CpG island.
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to be hypermethylated in patients with EDA. Of note, APBA3 is an activator of the
Hypoxia-Inducible Factor 1-alfa (HIF1A) gene in monocytes and macrophages at the
sites of inflammation (Hara et al, 2017). HIF1A is a fundamental player in the
inflammatory cascade in MS and it is extensively discussed in Chapter 7.

The cg20308351 (p=1.77e-07) maps to the CARDI1 (Caspase Recruitment Domain
Family Member 11), that regulates NF-kB through BCL10 in B cells (Sommer et al, 2005)
and a previous study has identified a DMR in CARD1 ! in B lymphocytes of patients with
MS (Maltby et al, 2018).

Among the top DMP, we identified the cg25829490, hypomethylated in EDA versus
NEDA patients and mapping to the body of HOXD9 (Homeobox D9), an element in the
pathway of Transforming Growth Factor-Beta (TGF-). In a previous study a region in
the HOXD9 gene was also found hypomethylated in the white matter of MS patients

versus controls (Huynh et al, 2014).

4.1.2 Identification of Differentially Methylated Regions (DMR)

Starting from DMP, we also built DMR, continuous genomic regions that differ in
methylation based on the phenotype (NEDA/EDA status, in our case)
In our analysis, conducted as described in the Methods (Chapter 9.2.4), we detected 4
DMR when comparing patients fulfilling the criteria for the NEDA-3 status at 2-years
follow-up with patients who conversely showed signs of disease activity within 2-years

from baseline (Table 4.3).

rank chr start end cpgs maxdiff meandiff min.fdr gene
1 19 2250901 2251067 4 -0.032 -0.028 6.12E-08 AMH
2 17 76037035 76037364 5 0.031 0.020 3.26E-08  TNRC6C
3 7 56515666 56516129 5 0.042 0.029 1.61E-08 LOC650226
4 19 22234980 22235850 8 0.067 0.022 6.76E-09  ZNF257

Table 4.3. Differentially Methylated Regions (DMR) in NEDA vs EDA patients. Rank = DMR
rank using Fisher’s combined probability method. Chr, start, end = genomic coordinates of the
region (reference: GRCh37/hgl9). Width = width of the region in base-pairs. Cpgs=number of
CpGs composing the region. Maxdiff, meandiff= maximum and minimum difference in
methylation beta-value found in the region. Min.fdr = minimum smoothed FDR p-value. UCSC
RefSeq annotated gene.
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Figure 4.2. The identified Differentially Methylated Region in the AMH gene. On the top of the figure, the UCSC RefSeq track (GRCh37/hgl19) for the
AMH gene, with RoadMap chromatin states for PBMC, CD3+ and CD14+ cells. On the bottom, location of the DMR in the AMH gene (red bracket) and
the visualization of the DNA methylation beta values according to the NEDA/EDA status.
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In particular, after visual inspection and annotation of the DMR, the top-ranked region in
chromosome 19 looked very interesting as it maps to the Anti-Mullerian Hormone
(AMH) gene (Figure 4.2). The DMR is located in a 167 base-pairs wide region inside the
bivalent promoter of AMH in the immune cells, as shown in Figure 4.2, therefore

prompting a complex regulatory role in gene expression, as described in Chapter 4.2.

4.1.3 Methylation and expression Quantitative-Trait-Loci effect in AMH

To explore whether the difference in DNA methylation was driven by genetic factors,
we extracted the SNPs mapping to a +/- 500 kilobase (kb) window from the DMR from
our genome-wide meta-analysis on the NEDA-3 status in 1,408 patients described in
Chapter 3. The top associated SNP mapping to the targeted region was rs2240656, located
at ~135 kb from the DMR. In our analysis the rs2240656 C allele was associated with
increased odds of reaching the NEDA-3 status at 2 years follow-up (p=1.37e-03,
ORneDA=1.73, I2=0).

In the attempt to explore whether the same variant could drive both the risk of disease
activity and the difference in methylation in the AMH region, we assessed whether
rs2240656 exerts a methylation Quantitative-Trait-Loci (mQTL) effect on the CpGs
composing the DMR. Starting from the results of a mQTL study on whole blood in about
36,000 healthy subjects (GoDMC, 2021), we observed that the rs2240656 variant strongly
increased the levels of methylation on all the 4 CpGs composing the DMR in the AMH
gene. Then, we replicated this effect exploring the impact of rs2240656 on PBMC
methylation in our cohort of RR-MS patients (n=243), finding strong evidence for a
mQTL on the DMR (mininum p-value = 4.29¢-10) (Figure 4.3A). Results from mQTL
effect calculation in PBMC of MS patients and comparison with data coming from

literature are reported in Table 4.4.
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CpG BHC pHC | AMS SEMS  PMS
g26000619 [ 0.71 0 0.081 0012  429E-10
cg04052466 | 0.03  4.8E-03 |0.066  0.066  1.75E-08
cg05345154 | 0.67  84E-290 |0.073  0.073  3.00E-08
g23218559 | 0.65  3.2E-269 |0.079  0.013  1.67E-09

Table 4.4. Methylation Quantitative-Trait-Loci (mQTL) effect exerted by rs2240656 (C allele)
on the 4 CpGs composing the identified DMR in AMH. To the left, the regression coefficient of
the linear model (B.HC) and p-value in healthy controls (p.HC) from the GoDMC mQTL study
in whole blood. To the right, the results of the mQTL effect analysis in PBMC from MS patients
performed in this study, with the regression coefficient (.MS), its standard error (SE.MS) and
the p-value (P.MS).

In literature the rs2240656 C allele was also associated to a decreased expression
of AMH in whole blood in data from a consortium (¢QTLGen Consortium, 2018)
studying the eQTL effect in ~31,000 subjects (p=2.99e-20). We were able to replicate
this effect in PBMC from MS patients (n=227), as we found that the rs2240656 C allele
was associated to decreased AMH expression (p=7.41e-05; B for C allele=-10.8) (Figure
4.3B).
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Figure 4.3. Effect of the rs2240656 variant on methylation and gene expression in MS. A: MOTL
effect in PBMC from MS patients. y axis: methylation beta-values, x axis= number of rs2240656
C allele copies. B: EQTL effect in PBMC from MS patients; y axis: RNA-seq normalized counts,
= number of rs2240656 C allele copies.
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4.1.4 Sensitivity analysis

Interestingly, we rebuilt the DMR using the 1rs2240656 C allele status as a covariate
and we found that the inclusion of the genetic factor prevented the detection of the DMR
in AMH, additionally supporting that the effect on methylation is mainly driven by the
genetic factor.

We also performed an additional sensitivity analysis to explore any bias related to the
sex of the patients, even though in our initial analysis we had already used sex as a
covariate for the identification of the DMP. First, AMH expression in PBMC was not
different between male and female in our cohort of patients with MS, adjusting for age
and center (p=0.89). Second, DMP and subsequent DMR analysis performed separately
in males and females did not yield to the identification of the DMR in the AMH gene
using the same cut-off when building the DMR (minimum smoothed FDR p-value < le-
07), probably as a consequence of the reduced power, considering the smaller sample size
of the studied cohorts. The DMR was identified in a secondary analysis in female patients
only when considerably relaxing the threshold for statistical significance (minimum
smoothed FDR-p = 1.48E-05), but not in male patients. This observation supports the
hypothesis that statistical power prevents the identification when reducing the number of

subjects, rather than a sex-specific effect.

4.1.5 Gene Ontology enrichment analysis
When running a GO enrichment analysis on the top 100 DMP, we found terms as
‘Fertilization’ and ‘Reproductive system development’, together with ‘Leukocyte

differentiation’, although the results were not significant at 5% FDR (Table 4.5).

4.2 Considerations

In this study, we analyzed whether CpG methylation in PBMC from MS patients
before beginning a first line DMT was associated to the NEDA-3 status at 2-years. As
mentioned, the studies investigating the role of methylation and disease activity in MS
are very few. Our work led us to promising results, which can be divided in two different
orders.

First, when investigating single CpGs, we found 7 DMP that were significant after

FDR correction for multiple testing. Given their known functions, the most interesting
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GO term Description overlap exp ER p-value FDR  genes

GO:0001701 in utero embryonic development 8/345 1.63 491 2.15E-04 0.18 APBA3;FOXD3;VEGFA;JAG2;ANKRD11;HESI;
FZD5;HSD17B2

GO:1903008 organelle disassembly 4/96 0.45 8.81 1.10E-03 0.47 RNF41;MRRF;FZD5;STX5

GO:0062012 regulation of small molecule metabolic process  6/344 1.63 3.69 5.66E-03 1.00 HRH1;GUCA1B;ERLIN2;GCK;SQLE;SIRTS

GO:0009791 post-embryonic development 3/89 042 7.13 8.59E-03 1.00 KDMS5B;VEGFA;FZD5

GO:0002521 leukocyte differentiation 7/496 234 299 8.81E-03 1.00 CARDI11;STAT6;RNF41;VEGFA;JAG2;FZDS;
DTX1

GO:1902742 apoptotic process involved in development 2/31 0.15 13.65 9.37E-03 1.00 JAG2;FZD5

GO:0009566 | fertilization 4/176 0.83 4.81 9.62E-03 1.00 HOXD9;KDM5B;ATP8B3;TDRD12

GO:0007219 | Notch signaling pathway 4/185 0.87 4.57 1.14E-02 1.00 JAG2;HES1;ANGPT4;DTX1

GO:0001763 morphogenesis of a branching structure 4/196 0.93 432 1.38E-02 1.00 FOXD1;KDM5B;VEGFA;FZD5

GO:0061458 reproductive system development 6/428 2.02 297 1.56E-02 1.00 KDM5B;VEGFA;ING2;HES1;FZD5;HSD17B2

Table 4.4. Results of Gene Ontology enrichment analysis. Size = size (number of genes) of the GO term. Overlap = number of genes in the GO term
overlapping with the input genes. Exp = Expected enrichment. ER = enrichment ratio. P-value = nominal p-value for GO term. FDR: 5% FDR p-value.
Genes = input genes overlapping with the GO term.
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genes that emerged from this analysis are APBA3, CARDI1 and HOXDY. As already
discussed, these genes have great importance in the context of MS, as they are known to
be functionally linked to immune functions, and represent interesting targets to further
explore their role in MS. The role of APBA3 will be further discussed in Chapter 8. Of
note, previous studies had already identified DMR in CARDII and HOXD9Y9 when
comparing MS versus controls, therefore supporting the biological meaning of our
findings, and prompting future functional studies as well as a replication in an
independent cohort.

Second, when studying continuous regions of the epigenome, we detected 4 DMR. We
specifically focused on the DMR on chromosome 19, mapping to the bivalent promoter
of AMH Bivalent promoters are typically found in genes involved in embryonic and fetal
development. They present two kinds of histone modifications (H3K4me3 and
H3K27me3) that allow a fast switch between silenced and activated state in specific cell
types during development (Blanco et al, 2020). Indeed, during fetal life, AMH prevents
the development of a female reproductive tract. Interestingly, AMH is part of the
Transforming Growth Factor Beta (TGF-P) superfamily, a key player in the immune
response (Johnston et al, 2016). In literature, despite many studies assessing the role of
sex hormones in disease pathobiology, very little is known about AMH and MS (Ysrraelit
MC and Correale J, 2018). In a first study, female patients with RR-MS were found to
have lower AMH levels compared to healthy controls (Thone et al, 2015). This finding
was not confirmed by another study, in which AMH plasma levels were not different
between RR-MS and controls, but patients with greater annualized relapse rate had
significantly lower AMH levels, even though the sample size of the study was limited
(Sepulveda et al, 2016). In a larger longitudinal study, there was no difference in AMH
levels between MS and healthy controls, but a decrease in AMH in plasma over time was
associated with increased EDSS, worse MS Functional Composite (MSFC) score and
greater grey matter atrophy in females with MS (Graves et al, 2018).

In the present study, we found that the rs2240656 C allele is associated with increased
methylation in the identified DMR, decreased AMH expression in PBMC and whole
blood, and reduced odds of having signs of disease activity. It is known that AMH levels
reflect the aging of the reproductive system (Dewailly et al, 2014; Xu et al, 2019). In

women, AMH decreases together with the number of follicles over the time and serves
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also as a marker in conditions like the polycystic ovarian syndrome (Moolhuijsen et al,
2020). As the levels of AMH reflect aging, our observation, according to which patients
who develop greater disease activity are genetically predisposed to a higher expression
of AMH, looks reasonable. Indeed, younger patients typically have greater inflammatory
disease activity, while with aging such risk decreases and the risk for progression
increases (Confavreux et al, 2006). The above-mentioned study (Graves et al, 2018)
found that AMH reduction was associated with measures of disease progression, as
increased EDSS and grey matter atrophy, therefore supporting this hypothesis. It is also
important to mention that while previous studies measured the concentration of the
protein in blood, in our study involving the eQTL we measured the transcript (mRNA).

Of note, our work is the only one investigating the role of AMH in both men and
women with MS. The AMH indeed has an important role in the reproductive function of
male healthy subjects as well. The AMH is produced by the Sertoli cells in the testis
during sex differentiation and it is suppressed by androgens when the primary
differentiation is completed (Xu et al, 2019). At puberty, AMH levels rise again in the
male and regulate fertility. As in women, AMH levels decrease over time in men (Xu et
al, 2019). So, it is possible to hypothesize that an effect of aging on the reproductive
system in general could be shared in women and men with MS. Interestingly, when we
run a GO enrichment analysis on the DMP, we found an enrichment for many terms
related with in utero development, fertilization, and embryogenic development, involving
other genes (Table 4.4) and additionally supporting the hypothesis that sex hormones
could be important in disease activity.

Further studies are needed to confidently establish the causal association between

AMH and disease activity.
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5. Study 3: Vitamin D and disease activity

Vitamin D is an important modulator of the immune system (Gombash et al, 2022). A
neuroprotective effect of vitamin D has been also hypothesized, even though the exact
mechanisms are still unclear. In the context of MS, higher vitamin D levels, through
dietary intake or ultraviolet B radiation exposure, reduce the risk of developing the
disease (Munger et al 2006; Munger et al, 2016).

When considering the relationship between vitamin D levels and measures of disease
activity in MS, many questions are still open. Most of the published literature was focused
on evaluating the adjunct benefit of vitamin D supplementation on disease-modifying
treatment (DMT) (Ascherio et al, 2014; Stewart et al, 2012; Rotstein et al, 2015), with
the results that were often contradictory, as regards for example treatment with interferon
(Leken-Amsrud et al, 2012).

In this study, we aim to evaluate whether there is a causal association between vitamin
D levels at baseline and disease activity levels measured by the NEDA-3 status at 2 years
follow-up in a double-centric cohort of RR-MS patients sampled before the start of a first
line DMT. The clinical features of this cohort are shown in Table 5.1 and the inclusion

criteria are reported in Chapter 9.3.1.

OSR CHUT Total p-value
N subjects 65 165 230 -

Age sampling 36.6 (9.8) 39.7 (10.9) 38.8 (10.7) 0.051
AAO 32.7 (9.05) 33.5(10.3) 33.3(10.0) 0.58

F/M ratio 1.95 3.7 3.03 0.0021
Disease duration 3.9 (6.1) 6.2 (7.4) 5501 0.035
EDSS at BL 1.5 (1.0-2.0) 1.5 (1.0-2.5) 1.0 (1.0-2.0) 0.29
EDA/NEDA 2 yr 28/37 95/70 123/107 0.046

Table 5.1. Baseline characteristics of the cohort. N = number; AAO = age at onset; F/M ratio =
Female/Male ratio; BL = baseline. In the rightmost column, the p-values from chi-square test or

Mann-Whitney-Wilcox test are reported, to explore baseline differences between the two centers
(OSR vs CHUT)
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5.1 Results

5.1.1 Vitamin D levels are associated with disease activity

After adjustment for vitamin D seasonal variation as described in Chapter 9.3 (see also
Figure 9.3.1), we found that in our cohort of 230 RR-MS patients higher baseline levels
of vitamin D were associated with higher probability of fulfilling the criteria for the
NEDA-3 status after 2 years of follow-up (p=0.019) (Figure 5.2A).

Also, higher vitamin D levels at baseline were significantly associated with fewer
relapses, as patients having 2 or more relapses during the follow-up had significantly
lower vitamin D at baseline, if compared with patients having no relapses (p<0.001) and

patients who experienced one relapse (p=0.037) (Figure 5.2B).
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Figure 5.1. Disease activity at 2 years is affected by baseline vitamin D levels. A: Vitamin D
levels at baseline and NEDA-3 status at 2-years. B: Vitamin D at baseline at number of relapses
during the 2-years follow up (0, 1 and 2 or more). Vitamin D levels on the y axis are reported in
ng/ml.

5.1.2 Genetic variation in vitamin D affects disease activity

We then investigated whether genetic variation in vitamin D levels was associated with
disease activity, taking advantage of a previously published GWAS on 417,580 subjects
that identified more than 140 genetic loci associated with vitamin D levels in the general
population (Revez et al, 2020). First, we extracted from this study all the SNPs (n=16,646;

no clumping for linkage disequilibrium) with genome-wide significant p-value (<5e-08).
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Then, we assessed the association between these SNPs and the NEDA-3 status in our
cohort, starting from the results of the meta-analysis that we conducted in Chapter 3, that
involved a total of 1,408 subjects. In our meta-analysis 10,073 out of 16,664 SNPs were
present. For some of these SNPs, we found nominal evidence for association with both
NEDA-3 status and vitamin D levels (SNPs with meta-analysis p-value < 0.01 = 143)
(Figure 5.2). A list of the top 10 associated loci with the lead SNP, the mapped genes,
and the summary statistics of the GWAS on vitamin D levels (Revez et al, 2020) is
reported in Table 5.2.

Figure 5.2. Circular Manhattan plot showing the association with NEDA-3 status for the SNPs
with known role on vitamin D level variation in controls (Revez et al, 2020). The name of the gene
is reported on top of the top 10 associated loci. Red dashed line = p-value < 0.05. P-values are
reported on -logl0 scale.
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SNP CHR BP Al P NEDA OR NEDA Beta VitD P VitD Gene

rs62298881 | 4 70008252 C  4.32E-03 1.44 0.024 1.13E-14 UGT2B4
rs10468017 | 15 58678512 C  7.10E-03 1.28 0.024 7.78E-30 LIPC
rs9811546 | 3 85391672 G  8.37E-03  0.79 -0.012 1.91E-08 CADM?2
rs3806256 | 1 155035611 C  0.010 1.24 0.012 1.36E-09 EFNA3
rs1790349 | 11 71142350 T  0.011 1.35 0.30 6.97E-264 NADSYNI
rs4812443 | 20 39198836 T  0.012 0.80 -0.012 1.74E-08 MAFB
rs78633929 | 12 96278208 T  0.018 1.29 0.014 4.19e-08 HAL
rs1608906 | 12 33894986 T  0.017 0.82 -0.011 2.38E-08 ALG10B
rs34130414 | 1 17560262 G  0.024 1.21 0.020 2.27E-22 PADI1
rs12351386 | 9 125855711 C  0.038 0.75 -0.018 1.75E-08 RABGAP1

Table 5.2. Genetic loci that are associated with serum vitamin D levels variation in controls and with NEDA-
3 status. Betayip and Pyup refer to the regression coefficient and the p-value from the linear model
investigating the influence of the SNP on vitamin D levels from Revez et al, 2020. Pygpa and ORnepa refer to
the GWAS meta-analysis on NEDA-3 status described in Chapter 3. Gene = nearest gene according
(GRCh37 coordinates).
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5.1.3 Mendelian Randomization analysis

Then, to assess whether the observed association between vitamin D levels is causal
and it is not confounded by other factors, we performed a Mendelian Randomization
(MR) analysis taking advantage of the above-mentioned GWAS (Revez et al, 2020). The
results of our Inverse Variance Weighted (IVW) analysis supported the presence of a
causal effect (p=7.79e-06), as the probability of having no disease activity over a 2-year
follow-up increases with genetically predicted increase of vitamin D levels. Additional
methods also supported this finding, as shown in Table 5.3 and Figure 5.4. Detailed
methodological information regarding the MR analysis is reported in the Methods section

(Chapter 9.3.3)

Method NI1Vs  Beta SE p-value

Inverse variance weighted 15 0.085 0.019 7.79e-06
Weighted median 15 0.057 0.012  8.524e-07

MR Egger 15 0.16 0.087 0.087

Weighted mode 15 0.056  0.013 8.08e-04

Weighted mode (NOME) 15 0.057 0.0046  6.36e-09
Simple mode (NOME) 15 0.059 0.0046  4.26e-09

Table 5.3. Results of the Inverse variance weighted Mendelian Randomization analysis and
comparison with different methods. N IVs = number of instrumental variables. Beta = regression
coefficient and its standard error (SE). NOME = No Measurement Error in the SNP Effect.

5.2 Considerations

Vitamin D is a known risk factor for MS (Olsson et al, 2017). Since vitamin D has an
effect on the primary events that lead to MS, it is reasonable to hypothesize that it may
also play a role in determining disease manifestations once the biological cascade of MS
has already been triggered, and therefore impacting on disease activity.

From this hypothesis, in this study we investigated the association of vitamin D with
the NEDA-3 status, assessed at 2-years from the beginning of a first line DMT. We found
that higher vitamin D levels are associated with lower probability of having disease

manifestations assessed by the NEDA-3 status and lower number of relapses.
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Figure 5.3. Mendelian Randomization analysis of vitamin D and NEDA-3 status. Figure A: forest
plot showing the effect of the single IVs and the cumulative effect for the MR Egger and the
Inverse-variance weighted MR analysis. The plot shows the regression coefficient (beta) and 95%
confidence interval of the odds of fulfilling the criteria for the NEDA-3 status per a I-standard
deviation increase in genetically predicted vitamin D levels. Figure B: Comparison of different
MR methods, in which the direction of the effect is the same. Figure C: leave-one-out sensitivity
analysis, confirming positive correlation between genetically predicted vitamin D levels and
NEDA-3 status, despite removing the IV with the biggest effect. Figure D: funnel plot showing
causal estimation (beta coefficient for the IVs on x-axis) and the strength of the instrument
variables (1/SE = 1/standard error) on the y-axis.

Few works have explored the association between vitamin D and disease activity. The
results of observational studies on disease activity have been less clear if compared to
what has been published regarding vitamin D as a risk factor for the disease, and likely

suffered from small sample size and confounding factors (Smolders et al, 2019). In a
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prospective observational study involving 1,482 RR-MS patients treated with interferon,
lower vitamin D levels were associated with measures of disease activity at MRI, but not
with change in the EDSS score, brain volume loss or relapse risk (Fitzgerald et a, 2015).
In an observational study investigating both RR-MS and primary progressive MS, lower
vitamin D levels at baseline were associated with greater probability of gadolinium
enhancing lesions at MRI during a 2-year follow up, only in the relapsing-remitting group
(Cree BA et al, 2016). Along with these and other observational studies (Smolders et al,
2019), the first randomized trials on vitamin D supplementation in association with DMT
in RR-MS were published, assessing different outcomes, including conversion to RR-MS
in patients with optic neuritis, MRI activity in RR-MS, EDSS change or risk of relapses.
The results were often controversial, given the small sample size and the presence of
many potential confounding factors (Smolders et al, 2019).

To date, to the best of our knowledge, only one study has involved the NEDA-3 status
as an outcome for a randomized trial on vitamin D in MS (Hupperts et al, 2019). In this
randomized trial involving 229 patients with RR-MS treated with interferon beta-1a and
vitamin D supplementation or interferon beta-1a and placebo, there was no difference in
the probability of reaching a NEDA-3 status at 48 weeks, but patients with higher vitamin
D had better outcome when examining MRI measures of disease activity (Hupperts et al,
2019). In this study, the short follow-up time (48 weeks) may have limited the number of
events needed to observe a significant effect in a small cohort.

Interestingly, in a genetic study assessing the relapse hazard in untreated MS patients,
the authors found a significant enrichment for genes belonging to the vitamin D pathway
(Vandebergh et al, 2021), and a subsequent MR analysis was successful in determining
the causal role of vitamin D on relapse hazard (Vandebergh et al, 2022).

Indeed, MR is a very powerful tool to assess causal inference when high-quality
randomized controlled trials are missing or in presence of many potential confounding
factors. By the use of genetic markers (which are therefore named as instrumental
variables, IVs), which by definition are distributed in a random way in the population and
serve as a randomization strategy, MR allows to establish whether an exposure (e.g.
vitamin D) is causally associated with an outcome (= disease activity). Therefore, in our

study, after finding that vitamin D levels at baseline predict the NEDA-3 status at 2-years,
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we tried to gain a deeper insight into this association, investigating whether there is a
causal relationship, implementing a MR analysis.

Our results overall provide evidence that not only vitamin D levels are associated with
the NEDA-3 status at 2-years, a powerful outcome of disease activity which was poorly
explored by previous studies on vitamin D, but also that there is a causal relationship in
this effect which does not seem affected by other potential confounding factors and that
is likely due to the many known effects of vitamin D in the immune system (Gombash et
al, 2022).

We reckon that the evidence provided by our work can promote the need for future
further randomized trials assessing the effect of vitamin D supplementation on outcomes

of disease activity, as the NEDA-3 status, in a real-world setting.
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6. Study 4: Environmental factors and disease severity

The pathogenesis of MS is complex and multi-factorial. The study of environmental
factors (EF) is one of the main candidates to successfully examine the mechanisms
involved in the disease and to fill the gap left by the genetic studies. As more extensively
discussed in Chapter 1, many EF have been showed to impact the susceptibility to develop
the disease (Olsson et al, 2017), but much less is known on their effect on measures of
disease severity in MS (Healy et al, 2009; Manouchehrinia et al, 2013; Ramanujam et al,
2015). Previous evidence also has suggested that the role of the EF could be stronger
during an early timeframe in the disease course, representing the scenario in which, on
the basis of the underlying genetic background, the pathogenic mechanisms of MS are
triggered (Kular and Jagodic, 2020).

Starting from this hypothesis, in this study we will investigate how the exposure to
specific EF occurred early in the disease history of MS patients, that is during adolescence
and before the diagnosis of MS, can potentially affect future MS severity, assessed by the
Age-Related Multiple Sclerosis Severity (ARMSS) score.

Taking advantage of an extensive environmental questionnaire (EQ) that was
administered to a large cohort of consecutive MS patients at the MS Centre of IRCCS
San Raffaele Hospital (n=1,892), we will focus on: a) factors provoking changes in sex
hormones in women with MS; b) body weight; ¢) alcohol consumption.

The clinical characteristics of the final study cohort, that included 1,688 patients, are
reported in Table 6.1. Further details on patient selection, EQ and statistical analysis are

described in the Methods section (Chapter 9.4).

Number of patients 1,688

F/M ratio 1.96 (F: 1,117; M: 571)
Age at EQ (mean, sd) 51.1 (8.6)

Age at onset (mean, sd) 31.1 (9.5)

Age at ARMSS (mean, sd) 52.4(6.1)

EDSS at ARMSS (mean, sd) 2.3(1.8)

Disease duration at ARMSS (mean, sd) 15.1 (9.4)

Table 6.1. Clinical features of the cohort included in the study on environmental factors. F/M =
female/male. EQ = environmental questionnaire,; sd = standard deviation. EDSS = Expanded
Disability Status Scale score.
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6.1 Results
6.1.1 Factors provoking changes in sex hormones

In the subset of female patients (n=1,117), we explored the role of hormonal factors
on disease severity in MS. In this regard, the EQ assessed the following topics: the age at
menarche, the use of oral contraceptives, history of pregnancy before the diagnosis and
occurrence of menopause before the diagnosis.

We found a trend for association between the age at menarche and the ARMSS score,
with patients who reported an age at menarche > 14 years (n=264) having a less severe
disease (p=0.076). Interestingly, when assessing the use of oral contraceptive before the
diagnosis, we found that patients who reported to have used oral contraceptives prior to
the diagnosis had a better outcome in terms of future MS severity (p=0.0048). Of note,
also patients who reported a pregnancy before the diagnosis had a lower ARMSS score
(p=0.0015), as well as patients in whom menopause (n=60) had occurred before the
diagnosis (p<0.001). Assessing whether the use of oral contraceptive or pregnancy could
have influenced the age at onset in MS (which is known to be associated with disease
activity and severity), only the history of pregnancy resulted to be associated (p<0.001)
and not the use of oral contraceptive (p=0.56) or the age at menarche (p=0.11).

Conversely, the use of oral contraceptive at diagnosis was not associated with disease
severity (p=0.182).

The results of these analysis are shown in Table 6.2 and Figure 6.1.

Factor Beta [SE] p-value  Response rate
Age at menarche 2 14 years -0.13 [0.071] 0.076 99%
Oral contraceptive before diagnosis | -0.17[0.061] 0.0048 98%
Pregnancy before diagnosis -0.20 [0.064] 0.0015 98%
Menopause before diagnosis -0.50 [0.13] <0.001 98%
Contraceptive use at diagnosis 0.095[0.071] 0.182 98%

Table 6.2. The impact of age at menarche, oral contraceptive use, menopause, and pregnancy on
disease severity. P-value, regression coefficient (beta) and its standard error (SE) of linear
models using normalized ARMSS score as outcome are reported. Response rate = percentage of
patients answering the question in the EQ.
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Figure 6.1. Box-dot plot showing the association of oral contraceptive use, menopause and
pregnancy with the ARMSS score. Significance threshold: ** = p<(0.01; *** = p<(0.001, ns = not
significant. N = No; Y = Yes

6.1.2 Body weight

When we evaluated the body weight during adolescence and disease severity, we did
not find any significant correlation. In particular, patients who self-reported that they were
obese (n=19; p=0.10), overweight (305; p=0.16), or underweight (184; p=0.28) during
the adolescence did not have a different disease course in terms of ARMSS score if
compared to patients who reported normal body weight during adolescence (n=1,180).

Even after grouping together patients who were obese or overweight (given the small
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number of patients who reported adolescence obesity), there was no significant effect on
disease severity (p=0.11).

When we evaluated how the Body Mass Index (BMI) at the time of diagnosis impacted
future disease severity, we found that patients with higher BMI had a smaller risk of a
more severe course assessed by the ARMSS score (p=0.018; Figure 6.2). Grouping the
BMI into different categories (underweight, normal, overweight, obese), we found only
a trend for association for underweight patients, when comparing each category to the
normal weight category as reference (p=0.062). In a sensitivity analysis, we found that
patients who were overweight or obese at the time of diagnosis, had a higher age at disease
onset (p<0.001). When adjusting the analysis of BMI at diagnosis and future severity at
ARMSS score for the age at onset, the previously reported association did not hold
(p=0.58). The results of the above ported analysis are shown in Table 6.3.

Factor Beta [SE] p-value  Response rate

Weight adolescence: 100%

underweight vs normal 0.084 [0.08] 0.28

overweight vs normal 0.091 [0.064] 0.16

obese vs normal 0.38 [0.23] 0.10
obese/overweight vs normal 0.38 [0.23] 0.11
Weight at diagnosis 96%

BMI -0.058 [0.025] 0.018

underweight vs normal 0.18 [0.95] 0.062

overweight vs normal -0.074 [0.058] 0.20

obese vs normal 0.020 [0.11] 0.85

Table 6.3. Body weight and disease severity assessed by the ARMSS score. P-value, regression
coefficient (beta) and its standard error (SE) of linear models using normalized ARMSS score as
outcome are reported. Response rate = percentage of patients answering the question in the EQ.
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Figure 6.2. Impact of BMI at the time of diagnosis on future disease severity. BMI score is shown
in a form of a z-score to fit a normal distribution, as well as for the ARMSS score. The blue line
represents the smooth line of the linear model and its 95% confidence interval (grey area).
Categories for weight at diagnosis (dx) are defined as: normal (BMI 18-24), under (BMI < 18),
overweight (BMI 24-30), obese (BMI > 30).

6.1.3 Alcohol consumption

Alcohol consumption was studied separately in women and men, due to the known
gender differences in the metabolization of alcohol (Baraona et al, 2001). All the analyses
regarding alcohol consumption are adjusted for smoking status and body weight, as
suggested considering that both affect alcohol intake and metabolism (Hedstrom et al,
2014b; Olsson et al, 2017). Details on the classification of patients into categories of

alcohol consumption (no/moderate/high) are discussed in the Methods (Chapter 9.4.4).

6.1.3.4 Alcohol consumption in women

We found that women who reported alcohol consumption during adolescence had
lower disease severity explored by the ARMSS score (p=0.0030). When dividing patients
based on the level of consumption, this finding was confirmed comparing women who

reported a moderate consumption (n=360) versus women who reported no alcohol
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consumption (n=748) during adolescence (p=0.0038) (Figure 6.3A). No association was
found in women who reported a high consumption versus no consumption during
adolescence, probably due to a more limited number of patients reporting a high

consumption during adolescence (n=9).

Normalized ARMSS score
o

Normalized ARMSS score
o

0 157 >7 0 17 >7
Weekly alcohol consumption during adolescence Weekly alcohol consumption at diagnosis

Figure 6.3. Alcohol consumption and MS severity in women.

The same effect was found also when investigating alcohol consumption at the time
of MS diagnosis. In particular, women who reported alcohol consumption at diagnosis
had significantly less severe MS during disease course (p=7.69e-07), and the same effect
was found for all the levels of alcohol consumption when dividing into categories (No
versus Moderate: 4.53e-06; No versus High: 0.00064) as show in Figure 6.3B.

In the subset of patients who reported drinking alcohol, we also investigated whether
the kind of alcoholic beverage was associated with severity measure. Interestingly,
patients who reported consumption of beer or wine seemed to benefit from a protective
effect towards disease severity (p=0.019), while consumption of spirits showed a trend
for association with worse disease severity (p=0.067). We did not find the same protective
effect for beer and wine when analyzing reported alcohol consumption during

adolescence. The above-mentioned results are reported in Table 6.5.
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Female patients with MS (n=1,117)

Factor
Weekly alcohol at diagnosis
No vs Yes
No vs Moderate
No vs High
Spirits at diagnosis
Beer/wine at diagnosis
Weekly alcohol adolescence
Yes vs No
No vs Moderate
No vs High
Spirits during adolescence

Beer/wine during adolescence

Beta [SE]

-0.32[0.06]
-0.30 [0.065]
-0.650.19]
0.22 [0.12]
-0.35[0.15]

-0.19 [0.064]
-0.19 [0.065]
-0.31[0.34]
-0.036 [0.11]
0.0040 [0.12]

p-value

7.69¢-07

4.53¢-06

0.00064
0.067
0.019

0.0030
0.0038
0.36
0.73
0.97

Response rate
100%

100%
100%
100%

100%
100%

Table 6.5. Alcohol consumption in women and disease severity. The results of linear models
using the ARMSS as outcome are shown, with p-value, regression coefficient (beta) and its

standard error (SE).

6.1.3.5 Alcohol consumption in men

Investigating alcohol consumption at the time of diagnosis, our study yielded similar

results, despite being more limited by statistical power considered the lower incidence of

MS in men (n=571). Higher alcohol consumption at diagnosis was associated with a

protective effect towards disease severity (p=0.031), but we did not find any significant

association exploring adolescence (Figure 6.4).

As regards the kind of alcoholic beverage, we did not find any significant association.

The results of the analysis in males are reported in Table 6.6
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Figure 6.4. Alcohol consumption and disease severity in men.
Male patients with MS (n=571)
Factor Beta [SE] p-value Response rate

Weekly alcohol dx 100%

No vs Yes -0.23 [0.11] 0.031

No vs Moderate -0.24 [0.11] 0.025

No vs High -0.039 [0.23] 0.86
Spirits at dx 0.16 [0.11] 0.16 100%
Beer/wine at dx 0.031 [0.19] 0.87 100%
Weekly alcohol adolescence 100%

Yes vs No 0.060 [0.084] 0.48

No vs Moderate 0.051 [0.085] 0.55

No vs High 0.36 [0.30] 0.23
Spirits during adolescence -0.026 [0.10] 0.80 100%
Beer/wine during adolescence 0.024 [0.082] 0.77 100%

Table 6.6. Alcohol consumption in men and disease severity. The results of linear models using
the ARMSS as outcome are shown, with p-value, regression coefficient (beta) and its standard
error (SE). Dx = diagnosis.
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6.2 Considerations
6.2.1 Sex hormones and disease severity

Gender difference significantly impacts MS, which is more common in women but,
once established, the disease course seems to be less favorable in men. The biological
mechanisms through which sex hormones can affect the immune system are still not
completely understood. Estrogens are able to increase the T regulatory lymphocytes
component, down-regulating the effector Th17 lymphocytes in preclinical models
(Polanczyk et al, 2004; Wang et al, 2009). Studies investigating a possible role of sex
steroids on MS severity are few (Bove and Chitnis, 2014). In a small study on 132
patients, the use of oral contraceptive was associated with more favorable MS course,
assessed by EDSS change and Multiple Sclerosis Severity Score (MSSS) (Sena et al,
2012). These results were replicated in another independent study on 174 women with
MS, in which the use of oral contraceptive was associated with less severe disease course
and resulted to be protective towards disease progression (Gava et al, 2014). In another
study, RR-MS patients with at least two pregnancies had reduced risk of reaching an
EDSS 6.0, while in PP-MS patients in the same study oral contraceptive use significantly
correlated with a worse EDSS (D'hooghe et al, 2012).

Our study implied a large cohort of 1,117 women with MS, who showed a more
favorable disease outcome if they reported use of oral contraceptive before the diagnosis.
When we studied oral contraceptive at the time of the diagnosis and future MS severity,
we did not find any signification association, additionally supporting that the role of such
factors could be important in an early stage of the disease, before the pathogenic cascade
of MS is fully established.

Overall, our findings replicate the above-mentioned evidence coming from smaller

studies and prompts future prospective investigations.

6.2.2 Body weight and disease severity

As regards the effect of body weight, our results do not provide such a level of
confidence. In literature, solid evidence demonstrated that obesity during adolescence
leads to a higher risk of developing MS (Munger et al, 2012; Wesnes et al, 2015),
interacting with the HLA risk genes (Hedstrom et al, 2014a). Adolescence is thought to

be the critical period in which an increased body weight can affect the risk of the disease,
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as in patients with a high BMI during adulthood or childhood there was no effect on the
risk of MS (Hedstrom et al, 2016). Studies investigating the effect of body weight on MS
severity are few. In a cohort of 351 people with MS, obese and overweight patients had a
worse MSSS (Van Hijfte et al, 2022). In our study, we did not find any impact of obesity
during adolescence on future MS severity. This result could be affected by the recall bias,
as patients were asked to independently report their body size during adolescence.
Prospective studies systematically assessing the BMI in children, adolescents, and young
adults, despite having the disadvantage of observing a much more limited number of cases
(limited by the incidence of MS), are needed to assess this effect more precisely. The
recall bias may also have limited our findings in terms of power, as only 19 patients
reported that they were affected by obesity in their adolescence. When assessing the BMI
at diagnosis, instead, we found that an increase in BMI was linearly associated with a
reduced ARMSS score, suggesting that patients with increased body weight at the time
of the diagnosis were less prone to develop severe MS. When adjusting this analysis for
the age at disease onset, we were not able to observe this correlation anymore, probably
reflecting a bias due to patients’ age, as older patients tend to have a higher BMI and less

severe MS.

6.2.3 Alcohol consumption and disease severity

In the analysis on alcohol, we found that alcohol consumption was associated with less
severe disease in women in a dose dependent manner, both when investigating alcohol
consumption during adolescence or at the time of diagnosis. In the subset of men, we
found the same effect only when assessing alcohol consumption at the time of diagnosis,
while no association was found for adolescence, probably due to a much more limited
sample size if compared to women. Overall, alcohol exerts an inhibitor effect on the
immune system, targeting both innate and adaptive immunity (Fahim et al, 2020).
Alcohol is able to down-regulate the activity of T lymphocytes, limiting the function of
the antigen-presenting cells as monocytes and dendritic cells (Heinz and Waltenbaugh,
2007; Ness et al, 2008; Sureshchandra et al, 2019). It is known to induce wide changes in
the cytokine asset, for example repressing IL-6 and TNF-alfa (pro-inflammatory factors)
and increasing the levels of IL-10 (that has anti-inflammatory activity) (Sureshchandra et

al, 2019). Together with the underlying biological explanation, the positive effect of
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alcohol consumption on MS has been reported by some other studies, both on the
susceptibility to the disease and its severity (Hedstrom et al, 2014b; Diaz-Cruz et al,
2017). Similar evidence has been found on other autoimmune diseases like rheumatoid
arthritis (Kéllberg et al, 2009). Overall, the epidemiological evidence is controversial, as
others found no effect by alcohol consumption on disease severity, but its role on
attenuating the risk given by smoking, which is largely known to worse the outcome of
MS, was postulated (Ivashynka et al, 2019). Since many people who drink alcohol are
also smokers, in our analysis we tried to minimize the bias of smoking as a confounding
factor adjusting for smoking history, as also done by others (Hedstrom et al, 2014b),
probably picking up a true effect of alcohol on severity. In this regard, our study provides
a validation of previous studies in a large cohort of MS patients, both women and men.
Interestingly, in the analysis on women, we also found that the kind of alcohol
beverage that patients reported to drink had an opposite effect on severity, as wine and
beer were associated with better outcome, while patients reporting consumption of spirits
had higher ARMSS score. This finding, even though a validation in independent and
prospective cohorts is strongly needed, is potentially of great interest, as a neuroprotective
effect of additional compounds that are present in some kind of alcohol beverages is well
known. For example, a consistent body of evidence has shown that resveratrol and other
polyphenols, which are especially found in red wine, have known antioxidant properties,
exerting a neuroprotective effect which is associated with a decrease in the aging process

(Zhou et al, 2021).

6.2.4 General considerations

Overall, in this study we provide evidence supporting that exposure to some kind of
EF has a role in determining disease severity in MS, explored by the ARMSS score. As
postulated, exposure to such factors specially seems to play a key role when occurring

early in the disease history, during adolescence and early adulthood.
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7. Study S: Genetic factors driving chronic silent inflammation

Disability worsening over the years —which is independent of new relapses or new
lesions at conventional MRI- is the main clinical feature in patients with progressive MS
(Lassmann et al, 2012).

Despite several drugs available for RR-MS, the treatment of the disease in its
progressive course is still an unmet need (Feinstein et al, 2015). For this reason, the study
of the mechanisms underlying disease progression gathered much attention in the past
years.

From a pathological point of view, the chronic lesions represent the most common
lesion type in progressive MS (Kuhlmann et al, 2016). In the chronic and active subtype,
an ongoing inflammation is observed at the lesion border, despite complete demyelination
at the lesion core, and sustains persistent demyelination and axonal injury (Kuhlmann et
al, 2016).

In the past few years, the first in vivo putative correlates of the chronic active lesions
have been discovered. Lesions showing at their borders a paramagnetic rim that is
enriched in iron content have been identified by susceptibility imaging techniques at MRI
and therefore named as Paramagnetic Rim Lesions (PRL) (Absinta et al, 2016; Absinta
et al, 2018). Even though the precise relationship between the PRL and the chronic active
lesions is still not completely clear, the PRL are gathering increasing attention from
researchers and clinicians, as they are also correlated with disability, progression, and
neurodegeneration in MS (Absinta et al, 2019; Maggi et al, 2021). In this perspective,
they could represent an ideal candidate outcome in pharmacological clinical trials in the
context of progressive MS.

For this reason, a consistent effort was devoted to dissecting the cellular and molecular
profile of such lesions. Important findings from single-nuclei RNA sequencing studies
led to the identification of a microglia phenotype (the so-called “microglia inflamed in
MS”) at the edges of the chronic active lesions, which sustains a silent chronic
inflammation, responsible for an outward propagation of the lesion over the years
(Schirmer et al, 2019; Jakel et al, 2019; Absinta et al, 2021). The cells composing the
microglia inflamed in MS show consistent differential expression of a variety of genes
related to iron metabolism and oxidative stress (Absinta et al, 2021), mirroring from a

microscopic point of view the iron enrichment clearly visible at MRI.
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Herein, we aim to investigate whether genetic variants in iron metabolism genes
impact the risk of disease progression. We discovered that a genetic locus in the Hypoxia-
Inducible Factor 1-alfa (HIF1A) gene significantly impacts the risk of developing SP-MS
versus RR-MS, affecting the expression of the gene in the immune cells of MS patients,
and being associated to an impact in neurofilament light chain (NFL) levels and the

burden of PRL.

7.1 Results
7.1.1 Genetic study on iron metabolism prioritizes a locus HIFI1A

Definition of the study cohort, genetic QC and selection of the SNPs belonging to
genes related to iron metabolism (n=23,019) are described in the Methods section
(Chapter 9.5). Then, we conducted a genetic analysis in the discovery cohort (n=755)
from IRCCS San Raffaele Hospital (OSR), comparing RR-MS versus SP-MS patients
(Table 7.1).

We found a statistically significant association, that survived correction for multiple
testing, involving SNPs in chromosome 14 and the risk of developing a RR versus SP
course (Figure 7.1). Specifically, the minor allele A of the lead variant (rs11621525) was
significantly associated with a lower risk of having a SP course, while it was more
common in patients with RR-MS (p=3.30E-06; ORsp=0.57). The minor allele A of the
lead variant rs11621525 has an allele frequency in the European population of 0.17
(Karczewski et al, 2020).

This association was successfully replicated in an independent nationwide cohort of
2,062 patients from Sweden (lead SNP p-value=7.88E-03, ORsp=0.79) as shown in Table
7.2. The lead variant in the Swedish cohort (SWE) is in almost perfect linkage
disequilibrium (R?=0.98) with the lead variant of the OSR cohort, representing a proxy

of the same signal and supporting the same biological effect.
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OSR SWE

N 755 2062

(RR: 393; SP: 362) (RR: 863; SP: 1199)
F/M ratio 2.01 2.83
Age at onset All: 29.7 All: 32.58

RR:26.51; SP: 32.57 RR: 28.4; SP: 35.6
Median EDSS at FU RR: 1.5 (range 0-3.5) RR: 2 (range 0-3.5)
SP: 6.5 (range 4-9.5) SP: 6.5 (range: 4-9.5)

Table 7.1. Clinical and demographic features of the two cohorts involved in genetic association
study. F/M = female/male; FU = follow-up.
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Figure 7.1. Regional plot for the top associated signal in chromosome 14 in the OSR cohort.
Colors of the dots reflect the R’ values, indicating linkage disequilibrium. Reference genome is
GRCh37/19.
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CHR SNP BP Al | OR.OSR P.OSR NMISS.SWE  OR.SWE P.SWE
14 rs11621525 62203056 A 0.57 3.30E-06 2056 0.802 0.0120
14 rs10873142 62203462 C 0.59 1.34E-05 2042 0.795 0.0080
14 rs4899057 62202942 G 0.59 1.34E-05 2045 0.797 0.0087
14 rs4902082 62212675 C 0.59 1.34E-05 2032 0.798 0.0095
14 rs12435848 62176891 A 0.61 2.11E-05 2053 0.799 0.0087
14 rs1951795 62171426 A 0.60 2.66E-05 2062 0.794 0.0079
14 rs12232182 62176220 C 0.66 1.50E-04 2051 0.866 0.0802
14 rs12434438 62197298 G 0.65 1.73E-04 2061 0.852 0.0546
14 rs2301111 62200201 G 0.65 1.73E-04 2053 0.854 0.0584
14 rs7153817 62201500 G 0.65 1.73E-04 2053 0.854 0.0584

Table 7.2. Top 10 associated SNPs in the OSR cohort and replication in the SWE cohort. For both the cohorts, the OR of having a SP course is
reported. NMISS = Number of Non-Missing Genotypes.



The signal maps to chromosome 14 and it is localized in an intron of the gene Hypoxia-
Inducible Factor 1-alfa (HIF'14), a fundamental regulator of cell response to hypoxia and
iron metabolism, as well as of different immune mechanisms (Zhang et al, 2018).

In literature, multiple evidence pinpoints the functional effects of the variants in this
genetic locus, strongly supporting their role on a change of HIF'1A4 expression.

Namely, the rs11621525 variant is known to exert an expression Quantitative-Trait-
Loci (eQTL) effect on HIF1A4, as the A allele resulted to be associated to decreased
expression of HIF14 in whole blood in a large cohort involving more than 31,000 healthy
subjects (p=1.16E-21) (Vosa U et al, 2021).

A similar effect was found also when assessing the methylation Quantitative-Trait-
Loci (mQTL) effect. Notably, results from a meta-analysis from an international
consortium involving more than 36,000 healthy subjects (GoDMC, 2021) showed that
the rs11621525 A allele is associated to increased methylation levels in whole blood of a
CpG (cg20931965) located in the enhancer region for HIFIA, therefore strongly
suggesting a decrease in gene expression (p=8.04E-175). This effect was also present in
a smaller study (cg20931965, p=2.31E-21) on a Dutch cohort (Bonder et al, 2017), which

also found an association between the SNP and increased methylation level of a CpG

located in the promoter region of HIF1A (cg23174662, p=6.68E-23).

7.1.2 eQTL and mQTL in MS patients

To gain an insight on potential similar effects on gene expression and methylation
exerted by the variant in the HIF 14 locus in MS patients, we studied the eQTL effect in
PBMC from 78 RR-MS patients who were naive from DMT and had not been treated
with steroid drugs in the 30 days before sampling. We found that the rs11621525 A allele
was associated with a decreased expression of HIF1A (p=0.0193, beta=-0.54), adjusting
for age and sex (Figure 7.2). This finding confirms that the A allele, which is protective
towards the SP course, leads to decreased HIFIA expression in the immune cells of
patients with MS.

Details regarding PBMC extraction, RNA-sequencing experiments, and eQTL effect
analysis are reported in the Methods section (Chapter 9.5.6)
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Figure 7.2. Expression Quantitative-Trait-Loci (eQTL) effect in PBMC from naive RR-MS
patients. On the x axis the rsl1621525 genotype is shown. On the y axis, inverse normal
transformed RNA-seq counts for HIF 1A are shown.

7.1.3 Impact of the HIF 1A variant on NFL levels

To further assess the relationship between the genetic variation in the reported HIF1A4
locus and silent subclinical inflammation, we also studied the NFL levels, a recognized
marker of ongoing axonal injury and chronic white matter inflammation, that have also
been found associated with the burden of PRL (Maggi et al, 2021).

Plasma NFL (pNFL) levels were available for a subset of the patients involved in the
association analysis of the SWE cohort, that had a RR-MS course at the time of sampling
and had been sampled within 20 years from disease onset (n=117). In this group, we found
that patients with at least one copy of the rs11621525 A allele showed lower pNFL levels
(p=0.0026) (Figure 7.3A).

The same association was found when assessing CSF NFL levels, that were available
for 71 RR-MS. The A allele for rs11621525 showed the same effect and was significantly
associated with lower NFL (p=0.049) (Figure 7.3B).

A similar effect was found in patients at first demyelinating event (Clinically Isolated
Syndrome, CIS), in whom the A allele was associated with lower CSF NFL levels
(p=0.019, n=34), further pointing out the impact of reported genetic association on

chronic inflammation and ongoing axonal neurodegeneration.
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Figure 7.3. Effect of the rs11621525 variant of plasma and CSF NFL levels in RR-MS. NFL levels
are reported in form of a z-score, after normalization by rank transformation. * = p-value < 0.05;
** = p-value < 0.01.

7.1.4 HIF 1A variant and response to Disease-Modifying Treatment (DMT)

To give an insight on a potential effect of the genetic variant in HIF'/4 on disease-
modifying treatment and silent inflammation, we studied whether pNFL levels, which are
known to decrease in MS after the beginning of a DMT (De Flon et al, 2016; Kuhle et al,
2020; Bridel et al 2021), were additionally influenced by the rs11621525 A allele.

Overall, in our analysis, the levels of pNFL decreased at 1 year from the beginning of
a DMT, as expected. However, we found that in patients starting dimethyl fumarate
(DMF), but not other DMT (teriflunomide, fingolimod or natalizumab), the rs11621525
A allele was associated with a more pronounced reduction of pNFL levels after 1 year
from treatment start (+/- 6 months), supporting that genetic variation in the H/F'/A locus

may impact the response to DMF treatment (p=0.027) (Figure 7.4).
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Figure 7.4. Impact of the rs11621525 variant on the NFL levels after DMT. The change in plasma
NFL z-score after treatment is shown (y-axis), grouping patients by the status of the rs11621525
A allele (TT versus AT/AA) on the x-axis. * = p-value < 0.05; ns = not statistically significant.

The positive effect of the rs11621525 A allele on the response to treatment with DMF
was also confirmed clinically in a cohort of 138 RR-MS patients from OSR on continuous
DMF treatment. In this cohort, carriers of the A allele were more likely to reach the
NEDA-3 status at 2-years from treatment start, adjusting for sex and age at onset

(p=0.0062). This association was even stronger when restricting the analysis to the subset
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of patients who were DMT-naive (n=49, p=7.12E-04). Detailed inclusion criteria are

reported in Chapter 9.5.9.

Non-naive Naive
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Figure 7.1. Effect of the variant in HIF1A4 on the clinical response to treatment with Dimethyl
Fumarate. EDA = Evidence of Disease Activity; NEDA = No Evidence of Disease Activity.

7.1.5 The genetic variant in HIF1A affects the PRL burden

As we found a genetic variant in iron metabolism that affects the susceptibility to SP-
MS, we also investigated whether the same variant exerts an effect on the PRL, which, as
discussed, are characterized by a consistent iron enrichment at their edges where the
inflammation becomes chronically active.

We then proceeded with MRI acquisition and PRL segmentation in a subgroup of
subjects for which rs11621525 genotype was available, as shown in Figure 7.6 and
reported in the Methods section (Chapter 9.5.10).

We found that the A allele for rs11621525 was significantly associated with lower
mean volume of the PRL (p=0.0163, beta=-0.60) in a cohort of 35 RR-MS patients,
adjusting for sex and total number of PRL (Figure 7.7).

This finding confirms that genetic factors in HIF'14 are important for the development
and expansion of PRL, mirroring an effect of the gene on silent inflammation and disease

progression.
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Figure 7.6. Examples of two multiple sclerosis patients with or without paramagnetic rim lesions. A and D: On 3D axial fluid-attenuated inversion
recovery sequence, multiple T2-hyperintense white matter lesions are visible in two multiple sclerosis patients. B and C: Brain T2-hyperintense white
matter lesions (red-coded) were identified by a fully automated approach on 3D axial fluid-attenuated inversion recovery sequence and their masks were

then registered onto the susceptibility-weighted image space. On unwrapped phase images, no paramagnetic rim lesion was found in MS patient #1 (C),
whereas several paramagnetic rim lesions (red arrows) were found in MS patients #2 (F).
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Figure 7.7. The variant in HIF 14 affects the volumetric burden of the paramagnetic rim lesions.
Y-axis: rank-transformed mean volume of the PRL; x-axis = number of copies of rs11621525 A
allele.

7.2 Considerations

Iron is an essential cofactor for a variety of enzymes involved in maintaining the health
of oligodendrocytes and myelin, and it is involved in remyelination mechanisms
(Stephenson et al, 2014). At the same time, iron accumulation is detrimental for cell
survival, as it is associated with oxidative stress, development of a pro-inflammatory
environment, glutamate toxicity, and impaired DNA repair (Stephenson et al, 2014).

Since iron is a fundamental component of lesions that typically associate with silent
inflammation and disease progression in MS, we explored whether genetic factors in iron
metabolism could affect the susceptibility to develop progressive MS and could help
prioritizing meaningful molecular mechanisms involved in the pathobiology of the PRL
and progressive MS.

The results of our genetic analysis implied a locus in the HIFIA locus in the
susceptibility to SP-MS in a discovery Italian cohort, that was successfully replicated in
an independent larger Swedish cohort. Taking advantage of a broad set of data, we then

clarified the impact of the lead variant on gene expression, NFL levels, and the burden of
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the PRL, adding different levels of evidence that involve HIF1A as a driver of chronic
silent inflammation in MS.

The contribution of this gene is also supported by a recent single nuclei RNA-
sequencing study, in which HIF'1A was found to be upregulated in the chronic active edge
of MS lesions (Absinta et al, 2021). In the same study, in an analysis comparing different
immune cells (excluding lymphocytes), HIF'1A was upregulated in a cluster of cells that
identified as monocytes or monocyte-derived dendritic cells (moDC). Cells from this
cluster presented a strong upregulation of all the genes belonging to HIFI1A signaling
pathway, hypoxia and ferroptosis, and the authors suggested that they could represent a
cluster of antigen-presenting cells (APC) which are exposed to a hypoxic environment
(Absinta et al, 2021).

The moDC functionally differentiate from monocytes, migrate from the bone marrow
to the site of inflammation (Merad et al, 2013) and act as professional APC for memory
and helper T lymphocytes, which constitutes the last step in the inflammatory cascade of
MS lesions (Hemmer et al, 2015). HIF1A is fundamental for the function and migration
of monocytes and moDC. In a low oxygen environment, HIF'/A is upregulated in the
dendritic cells, and impacts their ability to respond to chemokines that drive their
migration and activity (Kohler et al, 2012).

HIFIA is essential in the fine tuning of the Th17/T regulatory lymphocytes balance.
HIF 14 knock-out mice do not develop the symptoms of the Experimental Autoimmune
Encephalomyelitis (EAE) and show an increase of the T regulatory cells and a decrease
of the effector Th17 cells, additionally supporting that the activation of HIF'/4 is key in
the context of inflammation (Dang et al, 2011). Importantly, hypoxia triggers HIF 1A
activation not only in T lymphocytes, but also in cells of the myeloid lineage (Cramer et
al, 2003).

To gain an insight on a possible effect on the response to MS treatment, we then
assessed if the variant in the HIF'1A locus affects the levels of NFL at one-year after the
beginning of a DMT. In this experiment, in patients starting DMF, but not other DMT,
the rs11621525 A allele significantly improved the response to the drug, in terms of NFL
reduction. We also explored this finding on a clinical level in a pharmacogenomic
analysis that additionally supported that the variant significantly affects the response to
DMF treatment.
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DMEF, an exogenous fumaric acid ester, is an approved drug for the treatment of RR-
MS and has multiple effects, involving both peripheral immunity and the central nervous
system (Blair H, 2019). In the periphery, DMF reduces the activation of T helper (Th)
lymphocytes in the effector Th17 cells and enhances the T regulatory and Th2 counterpart
(Wuetal, 2017). In the central nervous system, DMF exerts an antioxidant activity, acting
through the Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) and the upregulation of
genes as SOD?2, ferritin and GST (Mills et al, 2018). Moreover, monomethyl fumarate,
the active metabolite of DMF, crosses the blood-brain barrier and reduces glutamate
toxicity (Luchtman et al, 2016). Therefore, a neuroprotective of DMF was hypothesized,
even though the exact mechanisms have not been fully explored and understood so far.

The pharmacodynamics of DMF has many points in common with mechanisms
involving HIF1A. Endogenous fumarate is one of the main regulators of HIFIA
expression (Isaacs et al, 2005) and DMF increases the degradation of HIF1A in the
proteasome (Zhao et al, 2014). The inhibition of HIFIA leads to increased NRF2
expression, promoting an antioxidant activity (Briggs et al, 2016).

HIF14 is overexpressed by the moDC and in the edges of the chronic active lesions
(Absinta et al, 2021), and monocytes have been found to be significantly affected by DMF
treatment, together with production of Reactive Oxygen Species (ROS) (Carlstrom et al,
2019), providing additional evidence that myeloid lineage cells are crucial in the
pathogenesis of MS (Galli et al, 2019). In this regard, preliminary data show that anti-
CD20 treatment, that conversely acts on cells of the lymphoid lineage, does not affect
PRL changes, but further validation is strongly needed (Maggi et al, 2022).

Exploring the mechanisms driving disease progression in MS is crucial, as the
treatment of the disease in its progressive course is still largely an unmet need. The PRL
are the most promising in vivo biological correlate of silent inflammation in MS and an
increasing number of clinical trials is introducing them as an outcome measure, when
testing the efficacy of drugs on disease progression (Martire et al, 2022).

Our data show that genetic variation in the HIF'/A gene impacts silent inflammation
in progressive MS patients. This novel mechanism is strictly linked to endogenous and
exogenous fumaric acid esters, prompting future investigation to assess their potential in

the treatment of chronic inflammation in MS.
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8. Discussion

In the present work, we took advantage of multiple layers of information to explore
disease heterogeneity in MS, through a diverse set of measures of disease activity,
severity, and progression. The results of the single studies are discussed more extensively
in the respective chapters. Herein, we want to provide some general considerations that
emerge from our work, when integrating different kinds of evidence from different
studies.

In a genome-wide meta-analysis involving 1,408 patients with MS, we found different
genetic loci that showed a potential association with disease activity, assessed by the
NEDA-3 status at 2-years from the beginning of a first line DMT. Some of the implicated
genes take on a special interest in the context of MS mechanisms, as the SEMA3E and the
NAMPT loci, which are discussed in Chapter 3.4.

In the same study, the second top associated locus mapped to the MKRN3 (Makorin
Ring Finger Protein 3) gene. This gene is well known as a regulator of the Gonadotropin-
Releasing hormone and acts as a break for the onset of puberty, modulating hypothalamic
activity (Abreu et al, 2020). At the end of childhood, as puberty approaches, the
expression of MKRN3 starts to decrease in brain, eventually resulting in increased
gonadotropin expression (Abreu et al, 2020). During puberty, there is a remodulation of
the levels of the sex hormones, accompanied by the onset of reproductive maturity and
the development of the secondary sexual characteristics (Wood et al, 2019). Puberty is
also known to lead to extensive changes in the immune system, affecting the T regulatory
balance, the maturation of dendritic cells and the formation of IgG antibodies (Ucciferri
and Dunn, 2022). Since MS is more likely to first present in young adults in the
reproductive age, different works have explored the role of puberty and changes in
circulating levels of sex hormones in MS (Chitnis, 2013). Multiple levels of evidence
show that factors regulated by sex hormones, that dramatically change after the onset of
puberty, are important in the disease, in which the epigenetic component has a primary
role, even though the exact mechanisms are not clear (Thompson EE et al, 2018; Ucciferri
and Dunn, 2022). In this work, we found an association between a genetic locus in
MKRNS3, that is known to regulate the onset of puberty, and disease activity in MS.

Remarkably, when investigating how the methylation profile in the immune cells

impacts the same outcome of disease activity, the NEDA-3 status, again our analysis
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supported the importance of another fundamental regulator of puberty and sexual
maturation, that is the AMH. The role of sexual differentiation and maturation was also
additionally fostered by a Gene Ontology enrichment analysis, that prioritized terms as
‘Fertilization’ and ‘Regulation of reproductive system’ (Table 4.6). Moreover, in an
analysis on 1,117 women with MS we found that the use of oral contraceptive, menopause
and pregnancy before the diagnosis were all associated with a less severe disease course
of MS, together with a trend for association between an older age at menarche and less
severe MS (Table 6.2). We reckon that the evidence coming from this integrated approach
of different ‘omics’ (genomics, epigenomics and environmental factors) raises interest
towards the role on puberty on disease manifestations, in terms of disease activity and
global severity. In this regard, our work confirms that the extensive modifications that
occur in this age are a crucial step in the cascade of events that lead to MS.

In Chapter 7, we found evidence that a locus in the HIFIA gene affects the
susceptibility to progressive MS in two independent cohorts from Italy and Sweden, for
a total of 2,817 patients. In the same Chapter, through additional multiple levels of
evidence, we depicted how HIF1A, likely finely modulated by genetic factors, acts as a
strong driver of the chronic and silent inflammation that is characteristic of the
progressive course in MS. We were also able to correlate genetic variation in HIF' 1A with
the paramagnetic rim lesions, the biological in vivo correlate of chronic inflammation.
Surprisingly, in an independent double-centric cohort of patients described in Chapter 4,
we found that increased methylation levels in a CpG in the body of the APBA3 (Amyloid
Beta Precursor Protein Binding Family A member 3) gene was significantly associated to
higher probability of having signs of disease activity, and this association held after
correction for multiple testing (Table 4.3). APBA3 is a potent inductor of HIFIA in
monocytes and macrophages in hypoxic conditions, promoting their inflammatory
activity and their migration to sites of tissue inflammation (Hara et al, 2017). We reckon
that it is remarkable that, in two independent studies investigating manifestations of
disease under different circumstances, H/F' 1A emerged as a hub that drives inflammation
in MS at different stages. We hypothesize that different measures can capture a single
biological entity, which is probably active since the early phases of MS, as also supported
by recent literature (Kaufmann et al, 2022; Portaccio et al, 2022).
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Of note, HIF1A is also the connecting element between inflammation and oxidative
stress. We discovered that the response to Dimethyl Fumarate, a DMT for MS which is
known to play a key role in the modulation of oxidative stress (Carlstrom et al, 2019), is
affected by genetic variation in HIFIA. This preliminary evidence fosters future
investigation on the potential of Dimethyl Fumarate in hampering chronic inflammation
in progressive MS.

Notably, in Chapter 5 we found a protective effect of alcohol on disease severity,
assessed by the ARMSS score. In a sub-analysis the protective effect was found if patients
reported to drink wine or beer, while the effect of spirits consumption was detrimental
(Table 6.4). Even though a validation in larger cohorts is needed to rule out any potential
confounder, this finding may additionally support that antioxidant activity on the central
nervous system, which is exerted by different compounds as the polyphenols contained
in wine, may have a benefit on disease severity (Zhou et al, 2021). In this regard, it is also
worth mentioning that, in Chapter 5, we provided evidence that higher vitamin D levels
are causally associated with disease activity in MS. Vitamin D, along with many functions
that primary act on the immune system, was hypothesized to play a role also on the central
nervous system through neuroprotective and antioxidant mechanisms implicating Nrf2
(Nachliely et al, 2019), a transcription factor which is strictly linked to HIF'/4 and the
Dimethyl Fumarate, as described in Chapter 7.

To conclude, in this PhD project we found different molecular and environmental
markers associated with the diverse manifestations of the disease, exploring the spectrum
of clinical heterogeneity in MS at multiple levels. We showed that an integration of
different sources of evidence, coming from molecular, clinical, and environmental data,
can be successful in identifying mechanisms that are relevant to disease pathogenesis.

We strongly believe in the value of this integrated approach. Our focus for future
investigation will be translating our discoveries to meaningful lifestyle and

pharmacological interventions.
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9. Methods

9.1 Study 1: Genetic factors underlying disease activity
9.1.1 Inclusion criteria and NEDA-3 definition

The Italian cohort was composed by patients who had been admitted to the Multiple
Sclerosis Centre of the IRCCS San Raffaele Hospital in Milan (OSR). We conducted a
manual revision of medical records and databases to collect the data which are necessary
to define the NEDA-3 status after two-years follow-up. For each patient, as a baseline
(BL) timepoint, we selected the beginning of the earliest first line DMT for which
complete clinical data were available to define the NEDA-3 status after two years from
treatment start. We excluded patients who had been treated with immunosuppressive
(e.g., azathioprine, mitoxantrone, cyclophosphamide, etc.) or second line (e.g.,
ocrelizumab, natalizumab, fingolimod, cladribine, alemtuzumab, etc.) drugs prior to BL
timepoint.

Patients were classified as reaching the NEDA-3 status after 2 years from the beginning
of a first line DMT (interferon, glatiramer acetate, dimethyl fumarate or teriflunomide),
if all of the following were satisfied during the follow-up time: 1) no relapses; 2) no new
or enlarging T2 lesions and no gadolinium-enhancing at brain or spinal cord MRI; 3) no
Expanded Disability Status Scale (EDSS) score progression. EDSS progression was
defined as follows: an increase in the EDSS score of at least 1.5 if baseline EDSS was 0;
an increase of EDSS of at least 1.0 if baseline EDSS was between 1 and 5.5 points; an
increase of EDSS of at least 0.5 points if baseline EDSS was => 6.0.

In order to be included, patients also needed to have available whole-genome genetic
data at the Laboratory of Human Genetics of Neurological Disorders in OSR.

For the OSR cohort, a total of 1,183 patients with available clinical data to define
NEDA-3 status at 2-year follow-up and available genetic data were included in the study
and underwent the quality controls (QC).

In the French cohort, patients were recruited at the Centre Hospitalier Universitaire de
Toulouse (CHUT), according to the same inclusion criteria used for the OSR cohort.
Harmonization of the clinical datasets involving the two cohorts was performed at OSR.

A total of 299 patients with available clinical and genetic data underwent the QC.
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9.1.2 Genotype imputation and QC in the OSR cohort

Imputation to reference genome (Haplotype Reference Consortium, McCarthy et al,
2016) was conducted on all the individuals with available whole-genome genetic data at
the Laboratory of Human Genetics of Neurological Disorders in OSR.

Since individuals had been genotyped on four different platforms (Illumina
OmniExpress, [llumina Omni 2.5, [llumina Human Quad, [llumina Global Screening
Array), imputation was carried out separately on each platform with later merging on
bona-fide imputed variants. Given the high level of overlap between OmniExpress and
Omni2.5, samples genotyped on these two platforms were jointly quality-controlled and
imputed. Variants’ rsIDs were assigned from dbSNP v151 GRCh37pl3
(http://www.ncbi.nlm.nih.gov/SNP/).

Prior to imputation, a set of homogeneous QC steps at sample and SNP level were
conducted for each of the three cohorts separately. At sample level, we excluded subjects
for which a mismatch with declared sex was observed, those with call-rate < 90% and
outliers exceeding the mean level of heterozygosity by >3 standard deviations. At variant
level, we discarded rare SNPs with AF<1%, SNPs with a call-rate<90% and those
departing from HWE at p<10E-6.

After imputation, we extracted the subjects who had fulfilled the clinical inclusion
criteria, for a total of 1,170 subjects and 9,388,047 variants that passed imputation QC.
On these, we applied an additional round of study-specific QC. To identify individuals
with potential biological relationship in the study cohort, we performed a pairwise
identical by descent (IBD) estimate, that found 5 pairs of subjects with potential
relatedness (PI_ HAT>=0.250). Two pairs were excluded for PI. HAT >=0.50 and of the
remaining 3 pairs, the individuals who were the least characterized were removed (total
number of individuals removed: 7). To identify population outliers, we run a Principal
Component Analysis (PCA) and excluded nine subjects (mean +/- 6 standard deviations)
(Figure 3.1). As an additional level of QC for the study cohort, we retained only the SNPs
with a call rate => 0.99 and Minor Allele Frequency (MAF) of at least 5%. A PCA on the
final dataset was also run to use PCs as covariates in the subsequent association analysis.

The final dataset included 1,154 subjects and 4,231,855 variants.
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Figure 9.1. Principal Component Analysis for the OSR cohort. The red points show population outliers (+/- 6 standard deviations). PC = Principal

Component
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9.1.3 Genotype imputation and QC in the CHUT cohort

Patients of the CHUT cohort had been genotyped on two different platforms: Axiom
Genome-Wide LAT 1 (Affymetrix, USA) and [llumina OmniExpress. The imputation
was carried out separately, as described in the QC section for the OSR cohort. Post-
imputation QC were performed as reported for the OSR cohort. Starting from 299
patients, a total of 254 subjects and 5,127,516 SNPs were retained after the QC.

9.1.4 Genome-Wide Association Study (GWAS) and meta-analysis

The two cohorts were first analyzed separately using PLINK v1.9 (Chang et al, 2015).
Logistic regression was carried out using the NEDA-3 status as outcome and genotype as
predictor. To select the covariates for logistic regression model we conducted a
preliminary exploratory analysis between clinical and demographic factors and the
NEDA-3 status (Table 3.2). Sex, age, and Principal Component (PC) 1 to 8 were included
in the OSR cohort as covariate. In the CHUT cohort PC1 and PC2, age and sex were
included as covariates. The genetic association analysis was conducted calculating the
odds ratio (OR) of having Evidence of Disease Activity (EDA) given by the Al allele
(effect allele).

ORepa [95% CI] p-value
Sex (F) 1.40 [1.09-1.82] 0.0092
Age at onset 0.9710.96-0.98] <0.001
Age at BL 0.97 [0.96-0.98] <0.001
Disease duration 0.9910.97-1.01] 0.383
EDSS at BL 1.15[1.00-1.31] 0.048
Relapses in the 2-yr before BL 1.14 [0.99-1.29] 0.054
DMT before BL 1.21 [0.74-2.04] 0.46

Table 9.2. Covariate analysis of clinical and demographic factors towards the NEDA-3 status.
Mann-Whitney or chi-square test is reported on the right column. ORgps = Odds Ratio of having
Evidence of Disease Activity (EDA). BL = baseline. EDSS = Expanded Disability Status Scale
score. DMT = Disease-Modifying Treatment. 2-yr = 2 years.
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After the two single cohort GWAS, the results were meta-analyzed using a fixed-effect
model with PLINK v1.9, retaining only the variants that were common to both the cohorts

(n=3,948,158). Threshold for genome-wide significance was set at p < 5e-08.

9.1.5 Variant to genes

To assign a gene to each of the investigated variants, we used the Variant2Gene
pipeline from Open Target Genetics (Ghoussaini et al, 2021; Mountjoy et al 2021). For
each variant, this approach allows to calculate a score, representing the probability that a
variant exerts its effect on a specific gene. As a novelty, the score integrates not only
positional information (distance from a Transcription Start Site), but also extensive
evidence from literature involving multiple Quantitative-Trait-Loci (QTL) effects
(namely: expression-, proteomic- and splicing- QTL), link with promoter capture Hi-C in

17 human primary hematopoietic cell types, known variant-trait association etc.

9.1.6 Gene ontology enrichment and pathway analysis

Starting from the results of the two-cohorts meta-analysis, we selected the top 100
mapped genes according to Variant2Gene as mentioned, and we used WebGestalt (Liao
et a, 2019) to run an enrichment analysis based on Gene Ontology terms in the ‘Biological
process’ category and a pathway analysis using KEGG. The settings for both analyses
were: a range of genes for term/category comprised between 5 and 2,000; a Benjamini-

Hochberg correction for multiple testing.

9.2 Study 2: Epigenetic factors underlying disease activity
9.2.1 Study cohort

In this study, we included patients with diagnosis of RR-MS from two different
centers: IRCCS San Raffaele Hospital in Milan, Italy (OSR) and Centre Hospitalier
Universitaire de Toulouse, France (CHUT). All patients were not on any Disease-
Moditying Treatment (DMT) at the time of sampling. Patients previously treated with
second line DMT or immunosuppressive drugs were excluded, as well as patients who
had been treated with corticosteroid drugs in the 30 days before sampling. All patients
started a treatment with a first line DMT (Table 4.1) and were followed up to assess the
NEDA-3 status at 2-years from drug start.
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A total of 249 patients fulfilling the above-mentioned criteria were included and

underwent down-stream methylation profiling and analysis (Table 4.1).

9.2.2. PBMC extraction and methylation profiling

After blood sampling, Peripheral Blood Mononuclear Cells (PBMC) were extracted
through density gradient centrifugation by LymphoprepTM (STEMCELL Technologies,
Vancouver, Canada), as described in the manufacturer’s protocol. Bisulphite conversion
and methylation profiling was performed at the Laboratory of Human Genetics of
Neurological Disorder at OSR. A randomization procedure for phenotype (NEDA-3) and
center (CHUT/OSR) was carried out to minimize potential batch effect. After bisulphite
conversion, whole-epigenome methylation profile was obtained by the means of [llumina
Infinium MethylationEPIC BeadChips (Illumina, Inc., San Diego, CA, USA), following

the manufacturer’s instructions.

9.2.3 Quality Controls (QC)

A total of 249 subjects and 865,859 probes underwent QC. The following probes were
filtered out: probes with a detection p-value>0.01, non-CpG probes, X and Y
chromosome probes, cross-reactive probes, probes mapping to known SNPs, probes with
less than 3 bead counts in at least 5% of the subjects (Pidsley et al, 2016). No issues were
detected during QC on samples when checking for sex or age mismatch and overall
sample quality.

After QCs, a total of 249 subjects and 778,879 probes were retained. Within-array

normalization and normalization for type I and II probes was performed using the ssNoob

method, implemented in the minfi pipeline (Aryee et al, 2014). M-values (log, % ) were

calculated, to be used in statistical analysis (Du et al, 2010). We run a Principal
Component Analysis (PCA) on methylation and detected a batch effect exerted by
methylation slide and position in the slide, as extensively reported by others (Sun et al,
2011; Ross etal, 2022). Therefore, we applied a batch correction using an empirical Bayes
method by the means of the ComBat function implemented in the S¥V4 package in R (Leek
et al, 2022), which reduces error estimates and improves reproducibility (Leek et al,

2010).
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In addition, we obtained estimated cell proportions based on methylation beta-values
using a reference-free deconvolution approach (Houseman et al, 2016), implemented in
the EpiDISH R package (Zheng et al, 2018). Cell-proportions (CD8, CD4, monocytes,
NK, B cells and neutrophils) were used as a covariate in the subsequent analysis, to
minimize cell fraction-dependent differential methylation.

A schematic overview on the QC carried out at the individual- and probe-level is

reported in Table 9.2.1.

9.2.4 Differential methylation analysis

We used the /imma Bioconductor package version 3.50.3 (Ritchie et al, 2015) to build
generalized linear models assessing the relationship between DNA methylation and the
NEDA-3 status, using as covariates sex, age at disease onset, center, and cell type
proportions. The p-values of association were then adjusted by a 5% False-Discovery
Rate (FDR) correction to minimize multiple testing bias for the Differentially Methylated
Positions (DMP) analysis.

We then built Differentially Methylated Regions (DMR) using the DMRcate pipeline
(Peters et al, 2019). We used standard parameters (lambda = 1000, C = 2), to detect DMR
encompassing minimum 3 CpGs, with at least a 2% change in methylation beta-values.
DMR were defined by minimum smoothed FDR p-value < le-07. The identified DMR
were ranked using Fisher’s combined probability test, as described in the DMRcate

pipeline (Peters et al, 2019).

9.2.5 Gene ontology enrichment analysis

Enrichment for Gene Ontology (GO) terms (category ‘Biological process’) was
performed using the top 100 mapped genes from the DMP analysis. The analysis was
conducted using WebGestalt (Liao et al, 2019), with standard settings.

9.2.6 MQTL and eQTL effect

Methylation- and expression- Quantitative Trait Loci (mQTL and eQTL) effects were
calculated on PBMC from MS patients. RNA-sequencing experiments and related QC are
described in Chapter 9.5.6. MQTL and eQTL effects were computed using linear models

and adjusting for center, age at sampling, and sex.
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Pipeline

Subjects removed

Subjects retained

Probes removed

Probes retained

Overall sample quality 0 249 - 865,859

Sex and age mismatch 0 249 - 865,859

Detection p-value > 0.01 in > 5% - - 3,001 862,858
Non-CpG probes - - 2,931 859,927

Probes in X or Y chromosome - - 19,091 840,836
Cross-reactive or SNP probes - - 59,355 781,481

Probes with 3 < BC in => 5% of samples - - 2,602 778,879
Final number 249 778,879

Table 9.2.1 Overview of the QC at the individual- and probe-level on the methylation profile. BC = bead counts.
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9.3 Study 3: Vitamin D and disease activity
9.3.1 Study cohort
Vitamin D levels were measured in a subgroup of the cohort of untreated MS patients
described in Chapter 4 and including patients from IRCCS San Raffaele Hospital (OSR)
and the Centre Hospitalier Universitaire de Toulouse (CHUT). As already reported in
Chapter 4, the inclusion criteria were a) diagnosis of RR-MS; b) no DMT at the time of
blood sampling; ¢) no previous treatment with second line or immunosuppressive drugs;
¢) no steroid treatment in the 30 days prior to blood sampling; d) availability of clinical
data to evaluate the NEDA status at 2 years from the beginning of a new first line DMT.
Vitamin D measurement was available in a total of 230 patients, fulfilling the above-

mentioned inclusion criteria. Clinical features of the cohort are reported in Table 5.1.

9.3.2 Vitamin D measurement and analysis
Vitamin D levels were examined through the measurement of 25-hydroxyvitamin D at
CHUT using a commercially available electro-chemiluminescence competitive binding
assay (Cobas, Roche) on a Roche Cobas 8000 analyzer. Vitamin D measurement was
performed in 230 patients with available information on NEDA-3 status after 2-years of
follow-up. In the quality controls, an extreme outlier was excluded from further analysis.
To control for seasonal variation of the vitamin D levels, we modelled a periodic

function to estimate the seasonal effect, as suggested (Saltyté Benth et al, 2012):

Month
12

Month
12 )

—sin <2n * ) — cos(2m *

Then, we built a linear regression model (Unadjusted vitamin D ~ seasonal effect) and
summed the residuals of this model to the unadjusted vitamin D levels, to obtain season-
adjusted vitamin D levels, which was used for downstream analysis (Figure 9.3.1). This
approach has been previously shown to be effective in minimizing the effect of the

seasonal variation and it has already been implemented in other studies on vitamin D in

MS (Saltyté Benth et al, 2012; Martinelli et al, 2014).
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Figure 9.3.1. Effect of the adjustment for the seasonal variation on the vitamin D levels. Vitamin
D levels on the y axis are reported in ng/ml. Month: calendar month of blood sampling for vitamin
D. A The blue line shows loess smoothing, capturing the seasonal variation in vitamin D levels,
which are higher during spring and summer.

A logistic regression model was used to assess the predictive value of baseline adjusted
vitamin D level towards the NEDA-3 status after two years from follow-up in non-treated
MS patients, adjusting for age at sampling. A Mann-Whitney-Wilcox test was used to
assess the difference of the mean adjusted vitamin D levels grouping patients by number
of relapses during the follow-up (0 = no relapses; 1 = one relapses; 2+ = two or more
relapses). Introducing gender or the number of relapses before baseline did not have a

significant impact on the results in a subsequent sensitivity analysis.

9.3.3 Mendelian Randomization analysis

For the Mendelian Randomization (MR) analysis, we used the publicly available
summary statistics from a previously published GWAS on vitamin D levels (Revez et al,
2020). In this study, vitamin D levels were analyzed in 417,580 subjects of European
ancestry from the UK Biobank (Revez et al, 2020) in the form of rank-based inverse
normal transformed 25-OH-vitamin D without adjustment for Body Mass Index (BMI).
The same analysis was also conducted with vitamin D levels in a form of a 1-standard

deviation variation in natural-log transformed values on a slightly lower number of
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subjects (416,247) but with BMI adjustment. For our purpose, we used the results of this
second analysis with BMI adjustment to exclude its potential confounding effect.

Prior to the MR analysis, we selected the instrumental variables (IV) from the meta-
analysis GWAS on NEDA-3 described in Chapter 3. First, we aligned the effect allele in
our meta-analysis to match the effect allele reported in the vitamin D GWAS from Revez
et al. Then, we retained from our results the variants which satisfied the following criteria:

- same direction of effect in the vitamin D GWAS and in our meta-analysis (that is,
increase in vitamin D and higher probability of NEDA3- status at 2-years or decreased in
vitamin D and lower probability of NEDA-3 status);

- a genome-wide significant (p<5e-08) association in the vitamin D GWAS and a
nominally significant (p< 0.05) association in our meta-analysis.

A total of 5,508 variants, before linkage disequilibrium (LD) clumping, satisfied such
criteria and underwent downstream analysis. To perform MR analysis, we used the
TwoSampleMR R package (Emani et al, 2018). As a first step, implemented in the
TwoSampleMR pipeline, we applied a LD clumping on the 5,508 IVs, as it is a necessary
condition for MR to prevent bias. To exclude horizontal pleiotropy (=presence of
pathways other than the exposure that explain the effect of the genetic variants on the
outcome), we performed a MR Egger analysis and visually inspected the related funnel
plot (Figure 5.4D), satisfying the requirement for MR analysis. The final number of IVs
selected was 15. To assess the effect of the IVs on the outcome, a random-effects inverse-
variance weighted (IVW) analysis was performed. We also applied the following
additional methods for MR to validate our primary analysis with the VW MR: MR Egger,
weighted median, weighted mode, simple and weighted mode with the No Measurement
Error in the SNP effect (NOME) assumption (Bowden et al, 2015). A leave-one-out
approach was used to explore the impact of the exclusion of the most associated IVs on

the results.
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9.4 Study 4: Environmental factors and disease severity
9.4.1 Study cohort

A total of 1,892 consecutive patients who were admitted to the Multiple Sclerosis
Centre at IRCCS San Raffaele Hospital between September 2019 and November 2021
filled out an Environmental Questionnaire (EQ). Detailed clinical data were available for
1,777 out of 1,892 patients. We excluded patients with a follow-up time from onset < 2
years and patients with age < 18 years old at the latest follow-up, for a total of 1,688
patients who were included in the study. The clinical features of the cohort are reported

in Table 6.1.

9.4.2 Environmental questionnaire

The EQ was available both in a paper and electronic version, that patients filled out at
the Multiple Sclerosis Centre at IRCCS San Raffaele Hospital during follow-up visits or
remotely from home, without any supervision. The electronic version was created using
LimeSurvey (Limesurvey GmbH). The questionnaire was administered in the local
language (Italian) and it was divided into seven sections: a) demographic data, b) personal
and family medical history, ¢) smoking habits, d) sunlight exposure, ) body weight and
dietary habits, f) pregnancy and hormonal factors and g) infectious agents and vaccines.
For the purpose of this study, we will focus on sections E and F. An extract of EQ as an

example in shown in Appendix: Supplementary Figures, Figure S6.1.

9.4.3 Statistical analysis

The analysis was conducted using R version 4.1.3. The latest available Expanded
Disability Status Scale (EDSS) score and the age at the time of EDSS evaluation were
used to calculate the Age-Related Multiple Sclerosis Severity (ARMSS) score, a validated
tool to assess disability in MS patients (Manouchehrinia et al, 2017). The global ARMSS
score was calculated on the final cohort (n=1,688) using the package ms.sev version 1.0.4
(Westerlind et al, 2016). The ARMSS scores underwent rank transformation to fit a
normal distribution (Shapiro-Wilk test p-value before normalization < 0.0001) and were
used as an outcome in linear regression models. To assess the potential impact of other
factors on the ARMSS score, we also performed a covariate analysis. In particular, neither

gender (p=0.40) or SP versus PP course (p=0.58) significantly affected the ARMSS score.
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9.4.4 Definition of categories of alcohol consumption

Exposure to alcohol consumption was analyzed separately in men and women, as
suggested (Baraona et al, 2001). Following the latest recommendation from the Italian
Ministry for Health (https://www.epicentro.iss.it/passi/rapporto2010/), supported also by
the European Centre for Disease Control and Prevention, we grouped patients into three
categories (no consumption, moderate consumption, and high consumption), based on the
reported number of weekly alcoholic units (AU) consumed (Table 9.4.1). An alcoholic
unit corresponds to 12 g of alcohol, and it is approximately defined as 125 ml of wine,

333 ml of beer, 40 ml of spirits.

Male Female
No consumption 0 AU/week 0 AU/week
Moderate consumption 1-14 AU/week 1-7 AU/week
High consumption >14 AU/week >7 AU/week

Table 9.4.1 Classification of patients into categories for alcohol consumptions. AU = alcoholic
unit.

9.5 Study 5: Genetic factors driving silent inflammation in progressive MS
9.5.1 Study cohorts for the genetic analysis

We compared patients with relapsing-remitting MS (RR-MS) versus secondary
progressive MS (SP-MS). Patients in the RR-MS group had a confirmed relapsing-
remitting course after at least 20 years from disease onset and a maximum Expanded
Disability Status Scale (EDSS) score of 3.5 at last follow-up. Conversely, in patients of
the SP-MS group, disease progression had been confirmed within 20 years from disease

onset and EDSS was at least 4.0 at last follow-up (Table 7.1).

RR-MS SP-MS
Confirmed clinical course => 20 years from onset < 20 years from onset
EDSS at latest follow-up <=35 =>4.0

Table 9.5.1. Inclusion criteria for the patients involved in the genetic association study.
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Starting from a large cohort of MS patients with available whole-genome genotype
data at the Laboratory of Human Genetics of Neurological Disorders at OSR, we
identified 772 patients with definite diagnosis of MS according to 2017 revised criteria
(Thompson AJ et al, 2018), who fulfilled the inclusion criteria for RR-MS (n=406) or SP-
MS (n=366) reported in Table 7.1.

For the SWE cohort, the same criteria were applied, leading to inclusion of a total of 2,062

patients (RR-MS = 863, SP-MS = 1199).

9.5.2 Genome-wide quality controls in the OSR cohort

Imputation to Haplotype Reference Consortium (HRC) reference genome and quality
controls during the imputation process were performed as already described in Chapter
9.1. In total, starting of the 772 subjects, 13 did not pass the imputation QC.

On the remaining 759 subjects and 9,388,047 imputed genetic variants (reference
genome: GRCh19/hg37), we applied a filter for missingness >=0.02 (no subject was
excluded). To discovery individuals with potential biological relationship, we performed
a pairwise identity by descent (IBD) estimate, that identified 6 subjects potentially related
(PI_ HAT>=0.250). For each pair of subjects, the individuals who were the least
characterized were removed (n=3). To identify population outliers (more than + 6
standard deviations from population mean), we run a Principal Component Analysis
(PCA) and excluded one subject. The final number of subjects included in the study was
755. For both IBD estimation and PCA, the regions with extended linkage disequilibrium
(LD) were removed and the dataset was pruned (no pair of SNPs with R? > 0.1 in a
window of 1000 kb).

Subsequently, we filtered out all the SNPs with MAF <= 0.05, genotyping call rate <
99% and Hardy-Weinberg Equilibrium (p<le-06), for a total of 4,272,520 genetic

variants in 755 subjects.

9.5.3 Selection of SNPs in iron metabolism genes

To determine a comprehensive list of genes involved in iron metabolism, we manually
screened Gene Ontology (GO) and Human Phenotype (HP) terms related to iron
homeostasis (Ashburner et al, 2000). This list of genes was merged with the Kyoto
Encyclopedia of Genes and Genome (KEGG) ‘Ferroptosis’ pathway (Kanehisa et al,
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2000). In total, we identified 336 genes relevant to iron metabolism. GRCh37/hg19 genes
coordinates were extracted using UCSC Table Browser (Karolchik et al, 2004). 334 out
of 336 genes were mapped, and the longest isoform was selected, adding a 2 kb flanking
region to enrich for promoter and enhancer regions. An extensive list of mapped genes
and pathways and gene mapping is reported in Appendix - Supplementary Tables S7.1
and S7.2.

Starting from whole genome data, we then extracted the mapped regions, resulting in
23,019 imputed variants and 755 subjects undergoing downstream association analysis.

At this step, no filter for LD was applied to the variants.

9.5.4 Genetic association analysis in the discovery cohort

To calculate a threshold for statistical significance that was able to provide robust
results despite multiple testing, we pruned the variants accounting for linkage
disequilibrium (R?>>=0.6). The number of genetically independent variants left was
considered the total number of independent tests and a Bonferroni correction was applied
to account for type I error (Benke et al, 2013). Following this approach, the threshold for
significance was established at p<3.08e-05 (0.05/1,625).

We then tested the association between genotypes for the selected variants and MS
course, comparing RR-MS versus SP-MS using logistic regression and adjusting for sex
and the first eight principal components to account for population stratification. PLINK
v1.9 software was used for all the genetic QC and the association analysis (Chang et al,

2015).

9.5.5 Replication of the genetic association

The subjects of the replication cohort were part of the National Swedish MS Registry.
Clinical information and blood samples for genotyping were gathered and managed at the
Karolinska Institutet (Stockholm, Sweden). Reference genome for the imputation was
GRCh37/hg19. Imputation and QC were run as described for the OSR cohort. A total of
2,062 patients with benign RRMS (n=863) and SPMS (n=1199) were included, who
fulfilled the same criteria used for the discovery cohort and had available imputed genetic

data. Sex and the first eight principal components were used as covariates.
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9.5.6 RNA-seq and eQTL effect in PBMC

The subjects for this experiment were recruited at OSR. All patients were DM T-naive
at the time of sampling, were not treated with corticosteroid drugs in the 30 days prior to
sampling and had a diagnosis of RR-MS.

After blood sampling, Peripheral Blood Mononuclear Cells (PBMC) were isolated
through density gradient using Lymphoprep (StemCell Technologies). RNA was
extracted using Quick-DNA/RNA Miniprep Plus (Zymo), according to the manufacturing
protocol. Quantity and quality of RNA was assessed by Qubit (Thermo Fisher Scientific)
and Tapestation (Agilent). The transcriptomic profile of patients was obtained via next-
generation sequencing technology. RNA libraries were generated using the TruSeq
Stranded mRNA Library Prep Kit (Illumina) and sequenced on a HiSeq3000 sequencer
(Illumina), reaching >25 million reads/samples. RNA-seq reads were aligned to hg19
reference genome by means of STAR tool (Dobin et al, 2013), using Trimmomatic
(Bolger et al, 2014) to remove poor-quality bases and adapter sequences. Quantification
of gene expression levels and gene-level summarization was performed using
featureCounts (Liao et al, 2014), according to GENCODE v19 annotation gene model.
Quality control of raw and aligned reads was performed by means of MultiQC tool (Ewels
et al, 2016). To discard features deemed as not expressed, we only retained those with >
5 counts in at least 25% of the whole cohort.

The expression-Quantitative Trait Loci (eQTL) effect was computed via linear
modelling, implying HIF1A normalized counts as outcome and the genotype (TT versus

AT/AA) as predictor, adjusting for sex and age at sampling.

9.5.7 Plasma NFL

Plasma neurofilament light chain (pNFL) samples belonged to a previously published
cohort of MS patients coming from a Swedish nationwide surveillance phase 4 study on
DMT monitoring (Hillert et al, 2015). All patients had a diagnosis of MS and were naive
or had been treated with glatiramer acetate or interferon and were sampled before the
beginning of the first or new DMT and at regular intervals after treatment start. NFL
levels were determined from frozen EDTA plasma samples using a sensitive

immunoassay on the Simoa platform through a commercially available NF-Light kit and
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antibodies from UmanDiagnostics according to the manufacturer’s instructions
(Quanterix, Lexington, MA).

All the pNFL levels have been adjusted for BMI and age at sampling, as suggested by
recent literature (Benkert et al, 2022) and implied in linear modelling in form of a z-score,
after rank normalization using the RNOmni R package to fit a normal distribution
(McCaw et al, 2020). Normality of the data was then confirmed with the Shapiro-Wilk
test. In addition, adjustment for disease duration at sampling and line of treatment about
to start was also performed for pNFL in the experiment described in Chapter 7.3.3.

When evaluating the response to a new DMT in terms of change of pNFL, we built

mixed linear models, adopting a paired-samples design.

9.5.8 Cerebrospinal fluid NFL

Cerebrospinal fluid (CSF) NFL samples were collected at the Karolinska Institutet
(Stockholm, Sweden). After sampling, the CSF was centrifuged immediately and stored
at -80°C. NFL levels were measured using commercially available ELISA kits (Uman
diagnostics, Umed, Sweden) according to the manufacturers’ instructions. CSF NFL
levels were normalized as described for pNFL. The analysis on CSF NFL in RR patients

was adjusted for disease duration and age at sampling.

9.5.9 Pharmacogenomic study of DMF

To assess the contribution of the rs11621525 variant on the clinical response to
treatment with Dimethyl Fumarate (DMF), we studied a cohort of 138 patients from OSR.
Inclusion criteria were: 1) diagnosis of RR-MS; 2) not previously treated with second line
DMT or other immunosuppressive drugs; 3) continuous DMF treatment for 2-years or
shift to other DMT for lack of efficacy of DMF; 4) availability of clinical information to
define the NEDA-3 status at two-years from DMF start; 5) availability of genotyping
data.

9.5.10 Paramagnetic Rim Lesions (PRL) analysis
9.5.10.1 MRI acquisition

MRI acquisition was performed at the Neuroimaging of CNS White Matter Unit at
OSR using a 3.0 Tesla Philips Ingenia CX scanner (Philips Medical Systems). The
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following brain MRI sequences were acquired (receiving Coil=dS-Head-32): (a) sagittal
three dimensional (3D) fluid attenuation inversion recovery (FLAIR), field of view
(FOV)=256x256 mm, voxel size=1x1x1 mm, 192 slices, matrix=256x256, repetition
time (TR)=4800 ms, echo time (TE)=270 ms, inversion time (TI)=1650 ms, echo train
length (ETL)=167, acquisition time (TA)=6.15 min; (b) sagittal 3D T1-weighted turbo
field echo, FOV=256x256, voxel size=1x1x1 mm, 204 slices, matrix=256x256, TR=7
ms, TE=3.2 ms, TI=1000 ms, flip angle=8°, TA=8.53 min; (c) 3D T2-weighted scan,
FOV=256x256 mm, pixel size=1x1 mm, 192 axial slices with 1 mm slice thickness, TR
2500 ms, TE 330 ms, ETL=117, TA= 3 min; (c) 3D susceptibility-weighted image (SWI),
FOV=230x230, pixel size=0.60%0.60 mm, 135 slices, 2 mm-thick, matrix=384x382,
TR=39 ms, TEs=5.5:6:35.5 ms, flip angle=17°, TA=6 min; both magnitude and phase
images for each echo were saved. For all scans, the slices were positioned parallel to a

line joining the most infero-anterior and infero-posterior margins of the corpus callosum.

9.5.10.2 Conventional MRI analysis

Brain T2-hyperintense WM lesions were identified by a fully automated approach
using the 3D FLAIR and 3D Tlweighted as input images (Valverde et al, 2017). T2-
hyperintense WM lesion volume was obtained for each patient from their lesion masks,

after a careful visual check of the results provided by the automatic segmentation.

9.5.10.3 SWI processing

Maps of local BO field changes were derived from the multi-echo SWIs using the
package QSM (Sun and Wilman, 2015) for MatLab (The MathWorks Inc., Naticks,
USA). Briefly, we first unwrapped phase images to eliminate discontinuities due to the
limited range of phase values, using the best path method (Abdul-Rahman et al, 2007).

Subsequently, using a magnitude-weighted least square regression, we fit unwrapped
phase images to the echo time. Finally, to make paramagnetic rim visible, we removed
global spatial changes of the main magnetic field using regularization enabled
sophisticated harmonic artefact reduction for phase data (Sun et al, 2014).

The 3D FLAIR image and the T2-hyperintense white matter lesion mask were then
registered onto the SWI space using the magnitude of the first echo of the SWI sequence

as reference image, which contains anatomical information, through rigid transformations
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minimizing the normalized mutual information as cost function using FLIRT (FMRIB’s

Linear Image Registration Tool) embedded in FSL.

9.5.10.4 Quantification of paramagnetic rim lesion number and volume

Paramagnetic rim lesions (PRL) were defined as discrete FLAIR-hyperintense lesions
either completely or partially surrounded by a paramagnetic rim of hypointense signal in
unwrapped phase images (Figure 7.7).

For each patient, the number and volume of total T2-hyperintense WM lesions as well
as of T2-hyperintense WM lesions with or without the hypointense paramagnetic rim
were automatically estimated using MatLab.

Firstly, from the global lesion mask, different intensity values were manually given
according to the different type of lesions (1=non-paramagnetic rim lesion,
2=paramagnetic rim lesion) creating a new label mask. Then, an automatic pipeline
estimated the number and the dimension of the 3D connected objects (lesions) found
within label masks, separately for each type of lesion (intensity value). Total number of
T2-hyperintense WM lesions was obtained from the sum of T2-hyperintense WM lesions
with or without the hypointense paramagnetic rim. Volumes were finally obtained by

correcting the dimension for the voxel size.

9.5.10.5 PRL volume analysis

Starting from 103 patients with diagnosis of RR-MS or SP-MS, available MRI data on
the PRL and available genetic data at OSR, a total of 47 patients (46%) had at least one
PRL, while the remaining 56 had no PRL. We selected patients with maximum disease
duration from onset of 20 years (n=35). The mean volumes were rank transformed to fit
a normal distribution and the impact of the rs11621525 A allele on the lesion mean
volume was assessed through linear modelling, adjusting for sex and total number of

PRL.
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APPENDIX

Supplementary Tables

Table S3.1 & Table S3.1

CHR SNP BP Al  NMISS OR P Gene

15 rs11633419 23779479 T 1152 0.639  7.80E-07 MKRN3
15 rs4778558 23782995 T 1147 0.640 7.88E-07 MKRN3
15 rs10431854 23780472 C 1152 0.639  7.98E-07 MKRN3
15 rs11638266 23781646 G 1152 0.639  7.98E-07 MKRN3
15 rs11858970 23777111 G 1151 0.640 8.88E-07 MKRN3
15 rs8036462 23777880 G 1153 0.641 9.17E-07 MKRN3
7 rs2158725 83297241 C 1151 0.533 1.46E-06 @ SEMA3E
7 rs9649281 105985813 T 1149 0.626  2.20E-06 NAMPT
7 rs9649282 105986115 A 1149 0.626  2.20E-06 NAMPT
7 156975444 105973847 T 1150 0.632  3.34E-06 NAMPT
7 1s6975772 105974057 T 1150 0.632  3.34E-06 NAMPT
16 rs1549660 76367186 T 1145 0.652 347E-06 CNTNAP4
3 rs17785714 167897639 T 1152 0.403 3.84E-06  GOLIM4
3 rs75910889 167898645 A 1152 0.403 3.84E-06  GOLIM4
10 rs920259 60396065 A 1154 0.625 4.24E-06 BICCl1
16 rs9934361 76354742 C 1151 0.66 4.68E-06 CNTNAP4
5 rs10462567 78630605 A 1150 1.55 4.72E-06 IMY

3 rs41464047 167896971 T 1152 041 5.48E-06 GOLIM4
3 1s57169293 167897194 G 1152 041 5.48E-06 GOLIM4
3 1s9968241 167897462 A 1152 041 5.48E-06 GOLIM4

Table S3.1. Results from the GWAS in the OSR cohort. The 20 top-associated SNPs are reported.
NMISS = Number of non-missing genotypes. OR = odds ratio for the EDA status. Gene =
University of California Santa Cruz (UCSC) gene symbol for the gene with the highest score
following the OpenTarget Genetics pipeline.
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CHR SNP BP Al NMISS OR P Gene

15 rs11632455 60126990 T 250 032 444E-06 FOXBI1
4 1s2287145 62944272 A 253 0.17 4.85E-06 ADGRL3
13 rs8002310 75182628 A 254 0.27  5.41E-06 KLF12
5 rs4836114 124082582 C 250 3.13  6.00E-06  ZNF608
13 rs7331788 75165636 C 254 0.28  6.63E-06 KLF12
13 rs9573423 75187987 C 254 0.28  9.49E-06 KLF12
13 rs9573418 75171074 G 254 0.30 1.37E-05 KLF12
13 rs9565107 75175663 C 254 030 1.37E-05 KLF12
1 rs61830764 212289976 A 248 039 1.43E-05 DTL

3 rs35844296 3743992 A 249 0.27  1.47E-05 LRRNI1
17 rs35814610 13041714 C 251 0.36  1.66E-05 ELAC2
17 rs8077659 13042271 A 251 036  1.66E-05 ELAC2
17 rs8077563 13042365 T 251 036  1.66E-05 ELAC2
17 rs8077971 13042481 A 251 036  1.66E-05 ELAC2
19 15746641 33369655 C 254 035 1.87E-05 FAAP24
8 1s28534381 40324892 A 249 0.35 1.90E-05 TCIM
13 rs7338814 75174084 C 254 031 1.91E-05 KLF12
10 1s2484191 27694764 T 254 0.17  2.05E-05 MASTL
2 rs111631454 210092724 C 253 0.22  2.05E-05 MAP2
17 1s764191 13039792 T 251 036  2.08E-05 ELAC2

Table §3.2. Results from the GWAS in the CHUT cohort. The 20 top-associated SNPs are
reported. NMISS = Number of non-missing genotypes. OR = odds ratio for the EDA status. Gene
= University of California Santa Cruz (UCSC) gene symbol for the gene with the highest score
following the OpenTarget Genetics pipeline. For rs2287145 the nearest gene was selected, as the

variant was missing in the OpenTarget repository
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Table S7.1 & Table S7.2

CHR START END GENE START-2kb START+2kb
11994723 12035599 PLODI 11992723 12037599
1 17312452 17338423  ATP13A2 17310452 17340423
1 22963117 22966175 CI1QA 22961117 22968175
1 43212005 43232755 P3HI 43210005 43234755
1 44440601 44443972 ATP6VOB 44438601 44445972
1 44462154 44483012 SLC6A9 44460154 44485012
1 47264669 47285021 CYP4Bl1 47262669 47287021
1 47308766 47366147  CYP4Z2P 47306766 47368147
1 47394845 47407156 CYP4All 47392845 47409156
1 47489239 47516423 CYP4X1 47487239 47518423
1 47533159 47583992 CYP4Z1 47531159 47585992
1 47603106 47614526 CYP4A22 47601106 47616526
1 60358979 60392423  CYP2J2 60356979 60394423
1 94352589 94375012 GCLM 94350589 94377012
1 109648572 109656479 Clorf194 109646572 109658479
1 145413190 145417545 HIV 145411190 145419545
1 155259083 155271225 PKLR 155257083 155273225
1 198492351 198510075 ATP6V1G3 198490351 198512075
1 213031596 213072705 FLVCRI 213029596 213074705
1 220087605 220101993 SLC30A10 220085605 220103993
1 228353428 228369958 IBAS57 228351428 228371958
1 231499496 231560790 EGLNI 231497496 231562790
1 235530727 235612280 TBCE 235528727 235614280
1 242158791 242162385 MAPILC3C 242156791 242164385
2 3501689 3523350 ADI1 3499689 3525350
2 10861774 10925236 ATP6V1C2 10859774 10927236
2 31557187 31637611 XDH 31555187 31639611
2 38294745 38303323 CYPIBI 38292745 38305323
2 42994228 43019751 HAAO 42992228 43021751
2 46524540 46613842 EPASI] 46522540 46615842
2 46755024 46769141 ATP6VI1E2 46753024 46771141
2 47168312 47303275 TTCTA 47166312 47305275
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87849399
87936228
89794141
89866992
91763840
97838944
99332819

99381811
99464173
100239201
100861011
128505903
138458782
139720125
139876741
148498202
149577787
150749843
20079207
22280249
23430063

SKIV2L
CYP21AIP,
CYP21A
CYP21A2
BTBD9
CYP39A1
GCLC
ATGS5
CYP2W1
EIF2AK]1
AGMO
YAEI

SRI
STEAP4
STEAPI
STEAP2
CYP51A1
LMTK2
CYP3A7-
CYP3AS5IP,
CYP3A7
CYP3A4
CYP3A43
TFR2
PLOD3
ATP6V1F
ATP6VOA4
TBXASI
KDM7A
CULI
ATP6VOE2
ASIC3
ATP6V1B2
SLC39A14
SLC25A37

31924580
31971358

32004092
38134226
46515444
53360139
106630351
1020834
6059877
15237942
39604002
87832431
87903743
89781688
89838999
91739462
97734196
99280301

99352582
99423635
100216038
100847257
128500856
138389038
139526951
139782545
148393932
149568056
150743378
20052703
22223049
23384362

31939532
31978712

32011447
38609924
46622523
53411927
106775695
1031276
6100860
15603640
39614480
87851399
87938228
89796141
89868992
91765840
97840944
99334819

99383811
99466173
100241201
100863011
128507903
138460782
139722125
139878741
148500202
149579787
150751843
20081207
22282249
23432063
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27727398
42249278
54628102
59402736
65508528
87111138
104033247
128748314
143953772
143991974
32384600
71650478
79792360
88879462
96338908
116148591
117349993
130911731
139257440
140100118
13319795
45869623
48413091
51565107
70320116
74766979
76969911
90965693
94821020
94833646
96522462
96698414
96796528
99218080
101370274

27850369
42263455
54755871
59412720
65711348
87166454
104085285
128753680
143961236
143999259
32450832
71693993
80032399
88897490
96441869
116163618
117361152
130915734
139268133
140113813
13342130
45941567
48416853
51590734
70454239
74856732
76991207
90967071
94828454
94837641
96612671
96749148
96829254
99258366
101380221

SCARAS
VDAC3
ATP6V1H
CYP7Al
CYP7B1
ATP6VO0OD2
ATP6VI1C1
MYC
CYPI11B1
CYP11B2
ACO1
FXN
VPSI13A
ISCA1
PHF2
ALAD
ATP6V1GI
LCN2
CARD9
NDORI1
PHYH
ALOXS
GDF2
NCOA4
TET1
P4HA1
VDAC2
CH25H
CYP26C1
CYP26A1
CYP2C19
CYP2C9
CYP2C8
MMS19
SLC25A28

27725398
42247278
54626102
59400736
65506528
87109138
104031247
128746314
143951772
143989974
32382600
71648478
79790360
88877462
96336908
116146591
117347993
130909731
139255440
140098118
13317795
45867623
48411091
51563107
70318116
74764979
76967911
90963693
94819020
94831646
96520462
96696414
96794528
99216080
101368274

27852369
42265455
54757871
59414720
65713348
87168454
104087285
128755680
143963236
144001259
32452832
71695993
80034399
88899490
96443869
116165618
117363152
130917734
139270133
140115813
13344130
45943567
48418853
51592734
70456239
74858732
76993207
90969071
94830454
94839641
96614671
96751148
96831254
99260366
101382221



10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12
12

102106771
102295640
104590287
114135955
131934638
135340866
568088
2185158
5246695
6452267
14899555
18042083
27062508
31391376
34937676
43902356
46698624
61731756
62623483
67806461
69455872
69480331
73977701
85668213
93754377
107373452
110300660
111895537
113280316
119531702
121163387
7085346
27849427
46576840
46751970

102124588
102313681
104597290
114188138
131977932
135352620
568198
2193035
5248301
6462254
14913751
18062335
27149354
31454382
35017675
43941825
46722215
61735132
62656355
67818366
69469242
69490165
74022699
85780139
93847374
107436461
110335608
111935002
113346001
119599435
121184119
7125842
27850566
46663208
46766645

SCD
HIFTAN
CYP17A1
ACSL5
GLRX3
CYP2E1
MIR210
TH

HBB

HPX
CYP2R1
TPHI
BBOX1
DNAIJC24
PDHXPDX1
ALKBH3
ARHGAPI1
FTHI
SLC3A2
TCIRG1
CCND1
LTO1
P4HA3
PICALM
HEPHL1
ALKBHS
FDX1
DLAT
DRD2
NECTINI1
SC5D
LPCAT3
REP15
SLC38A1, SATI1
SLC38A2, SAT2

102104771
102293640
104588287
114133955
131932638
135338866
566088
2183158
5244695
6450267
14897555
18040083
27060508
31389376
34935676
43900356
46696624
61729756
62621483
67804461
69453872
69478331
73975701
85666213
93752377
107371452
110298660
111893537
113278316
119529702
121161387
7083346
27847427
46574840
46749970

102126588
102315681
104599290
114190138
131979932
135354620
570198
2195035
5250301
6464254
14915751
18064335
27151354
31456382
35019675
43943825
46724215
61737132
62658355
67820366
69471242
69492165
74024699
85782139
93849374
107438461
110337608
111937002
113348001
119601435
121186119
7127842
27852566
46665208
46768645
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12
12
12
12
12
12
12
12
12
12
12
12
12
13
14
14
14
14
14
14
14
14
14
14
15
15
15
15
15
15
15
15
15
15
15

48166966
51379774
53845885
58156116
67663060
68548549
72332625
103232103
108956293
109525992
116997185
123459353
124196864
28494167
23815526
32030590
34393420
62162118
67804580
74960422
76044939
78138748
96001322
100150754
43489425
45003684
51500253
64364760
69307033
69706626
73344824
74630102
75011882
75041183
78730517

48176536
51422058
53874946
58160976
67708388
68553521
72426221
103311381
108963160
109531293
117014425
123464588
124246301
28500451
23821660
32330429
34420284
62214977
67826720
74962271
76114512
78174356
96011055
100193638
43513323
45010357
51630795
64386207
69349501
69740764
73597547
74660081
75017877
75048941
78793798

SLC48A1
SLC11A2
PCBP2
CYP27B1
CANDI
IFNG
TPH2
PAH
ISCU
ALKBH2

MAPILC3B2

OGFOD2
ATP6VOA2
PDX1
SLC22A17
NUBPL
EGLN3
HIFTA
ATP6V1D
ISCA2
FLVCR2
ALKBH1
GLRXS5
CYP46A1
EPB42
B2M
CYPI19A1
CIAO2A
NOXS5
KIF23
NEO1
CYPI11A1
CYP1Al
CYP1A2
IREB2

48164966
51377774
53843885
58154116
67661060
68546549
72330625
103230103
108954293
109523992
116995185
123457353
124194864
28492167
23813526
32028590
34391420
62160118
67802580
74958422
76042939
78136748
95999322
100148754
43487425
45001684
51498253
64362760
69305033
69704626
73342824
74628102
75009882
75039183
78728517

48178536
51424058
53876946
58162976
67710388
68555521
72428221
103313381
108965160
109533293
117016425
123466588
124248301
28502451
23823660
32332429
34422284
62216977
67828720
74964271
76116512
78176356
96013055
100195638
43515323
45012357
51632795
64388207
69351501
69742764
73599547
74662081
75019877
75050941
78795798
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16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
18

202853
222845
226678
230332
779768
1832932
2563726
4526340
10837697
29464913
30204255
53737874
56485423
57462086
66965957
67471916
74746855
87425800
4534213
6899383
7529555
7571719
7942357
7975953
7999217
26684686
26721660
36886509
40610861
40962149
57697049
74523429
74708913
80347085
48556582

204504
223709
227520
231178
790997
1839192
2570224
4560348
10863208
29466285
30205627
54148379
56511407
57481369
66968326
67515089
74808729
87438380
4544971
6914055
7531194
7590868
7952451
7991021
8022234
26689089
26733230
36891858
40674597
40976310
57774317
74533987
74722881
80376513
48611411

HBZ
HBA2
HBAI
HBQI
CIAO3
NUBP2
ATP6VOC
HMOX2
NUBPI
BOLA2
BOLA2B
FTO
OGFODI1
CIAPIN1
CIAO2B
ATP6VOD1
FA2H
MAPILC3B
ALOX15
ALOXI12
SAT2
TP53
ALOX15B
ALOXI2B
ALOXE3
TMEM199
SLC46A1
CISD3
ATP6VOAL
BECN1
CLTC
CYGB
IMID6
OGFOD3
SMAD4

200853
220845
224678
228332
777768
1830932
2561726
4524340
10835697
29462913
30202255
53735874
56483423
57460086
66963957
67469916
74744855
87423800
4532213
6897383
7527555
7569719
7940357
7973953
7997217
26682686
26719660
36884509
40608861
40960149
57695049
74521429
74706913
80345085
48554582

206504
225709
229520
233178
792997
1841192
2572224
4562348
10865208
29468285
30207627
54150379
56513407
57483369
66970326
67517089
74810729
87440380
4546971
6916055
7533194
7592868
7954451
7993021
8024234
26691089
26735230
36893858
40676597
40978310
57776317
74535987
74724881
80378513
48613411
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18
18
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
20
20
20
20
20
20
20
20

55212072
60790578
1104648

3490818

7587495

8455204

10828728
11685474
13049413
15619335
15726028
15751706
15783827
15988833
16023179
35773409
41305333
41349442
41381343
41396730
41497203
41594355
41620352
41699114
44010870
49468565
54926604
3869741

4666796

6748744

33146500
33516235
34256609
48120410
52769987

55253969
60986613
1106787

3500621

7598895

8469317

10942586
11689801
13055304
15663128
15740447
15771570
15807984
16008884
16045676
35776045
41314346
41356352
41388657
41406413
41524301
41602100
41634281
41713444
44031396
49470136
54947899
3904502

4682234

6760910

33148149
33543601
34287287
48184707
52790516

FECH
BCL2
GPX4
DOHH
MCOLNI
RAB11B
DNM2
ACP5
CALR
CYP4F22
CYP4F8
CYP4F3
CYP4F12
CYP4F2
CYP4F11
HAMP
EGLN2
CYP2A6
CYP2A7
CYP2A6
CYP2B6
CYP2A13
CYP2F1
CYP2S1
ETHE1
FTL
TTYHI1
PANK2
PRNP
BMP2
MAPILC3A
GSS
NFS1
PTGIS
CYP24A1

55210072
60788578
1102648

3488818

7585495

8453204

10826728
11683474
13047413
15617335
15724028
15749706
15781827
15986833
16021179
35771409
41303333
41347442
41379343
41394730
41495203
41592355
41618352
41697114
44008870
49466565
54924604
3867741

4664796

6746744

33144500
33514235
34254609
48118410
52767987

55255969
60988613
1108787

3502621

7600895

8471317

10944586
11691801
13057304
15665128
15742447
15773570
15809984
16010884
16047676
35778045
41316346
41358352
41390657
41408413
41526301
41604100
41636281
41715444
44033396
49472136
54949899
3906502

4684234

6762910

33150149
33545601
34289287
48186707
52792516
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33031934
43782390
18074902
29138042
35777059
37461478
38507501
41865128
42522500
42536213
50925212
18709044
23801274
31089357
37639269
48932091
53963112
55035487
65382432
74273006
77166193
108884563
135044230
153656977
153759605
154718672

33041243
43786644
18111588
29153496
35790207
37499693
38577761
41924993
42526883
42540575
50928750
18846034
23804327
31090170
37672714
48937564
54071569
55057497
65487230
74376175
77305892
108976621
135056134
153664862
153775233
154842622

SOD1
TFF1
ATP6VI1EI
HSCB
HMOX1
TMPRSS6
PLA2G6
ACO2
CYP2D6
CYP2D7
MIOX
PPEF1
SATI1
FTHL17
CYBB
WDR45
PHFS
ALAS2
HEPH
ABCB7
ATP7A
ACSL4
MMGT1
ATP6AP1
G6PD
TMLHE

33029934
43780390
18072902
29136042
35775059
37459478
38505501
41863128
42520500
42534213
50923212
18707044
23799274
31087357
37637269
48930091
53961112
55033487
65380432
74271006
77164193
108882563
135042230
153654977
153757605
154716672

33043243
43788644
18113588
29155496
35792207
37501693
38579761
41926993
42528883
42542575
50930750
18848034
23806327
31092170
37674714
48939564
54073569
55059497
65489230
74378175
77307892
108978621
135058134
153666862
153777233
154844622

Table S7.1. List of the mapped genes in iron metabolism included in the genetic analysis.
Reference genome: GRCh37/hgl9). Gene symbols and positions in base-pairs (BP) including
the 2 KB flanking region are reported.
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Gene set

Source

N of genes

GOBP_IRON ION_TRANSPORT

GOBP_CELLULAR IRON ION _HOMEOSTASIS
GOBP_RESPONSE_TO_IRON ION
GOBP_RESPONSE_TO_IRON II ION
GOBP_RESPONSE_TO_IRON III ION

GOBP_IRON SULFUR CLUSTER ASSEMBLY

GOBP_IRON IMPORT INTO CELL

GOBP_IRON ION TRANSMEMBRANE TRANSPORT

GOBP_REGULATION OF IRON ION TRANSPORT

GOBP_REGULATION OF IRON ION TRANSMEMBRANE_TRANSPORT
GOBP_IRON ION _HOMEOSTASIS

GOBP_MULTICELLULAR ORGANISMAL IRON ION HOMEOSTASIS
GOBP_CELLULAR RESPONSE_TO_IRON ION

GOBP_PROTEIN MATURATION BY IRON SULFUR CLUSTER_TRANSFER
GOBP_SEQUESTERING OF IRON ION

GOBP_IRON ION IMPORT ACROSS PLASMA MEMBRANE
GOBP_IRON_COORDINATION ENTITY TRANSPORT

GOMF IRON ION TRANSMEMBRANE TRANSPORTER ACTIVITY
GOMF _IRON ION BINDING

GOMF FERROUS_IRON BINDING

GOMF FERRIC IRON BINDING

GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO
GO

79
70
28
5
5
24
11
19
9
6
86
7
9
16
.
6
14
10
150
26
10
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HP ABNORMALITY OF IRON _HOMEOSTASIS HP 19
HP IRON ACCUMULATION IN BRAIN HP 9
KEGG FERROPTOSIS KEGG 41

Table §7.2. List of gene sets from Gene Ontology (GO), Human Phenotype (HP) and Kyoto Encyclopedia of Genes and Genome (KEGG) included in
the study. N genes = number of genes in the gene set.
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Supplementary Figures

Figure S2.1: Overview of the work

B S
i il ili=

Study 1:
Genetic factors

Genetics
B cpigenetics
Environment
Vitamin D
Gene exp
MRI
NFL

Study 2:
DNA methylation

Study 3:
Vitamin D

Environment

Chronic inflammation

Disease progression

Figure $2.1. An overview of the work, showing the different layers of data (left panel) used in the reported studies. Gene exp = gene expression. MRI =
Magnetic Resonance Imaging. NFL = Neurofilament light chain. OSR = IRCCS San Raffaele Hospital. CHUT = Centre Hospitalier Universitaire de
Toulouse. KI = Karolinska Institutet.
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Figure S6.1: Environmental questionnaire

ES. Per favore, indichi il peso alla Diagnosi (in kg).

|

Eé6. Per favore, indichi la sua altezza alla Diagnosi (in cm).

Indichi 0 (zero) se non lo ricorda.

Indichi 0 (zero) se non lo ricorda.

L]
L]
0

E7. Durante I’adolescenza, quanti bicchieri di bevande alcoliche assumeva
mediamente in una settimana?

ES8. Di che tipo? (¢ possibile selezionare piu risposte)

Superalcolici (liquori, distillati, ...)

Vino o birra D

Altro O

Altro

E9. Al momento della Diagnosi di Sclerosi Multipla quanti bicchieri di
bevande alcoliche assumeva mediamente in una settimana?

E10. Di che tipo? (¢ possibile selezionare piu risposte)

Superalcolici (liquori, distillati, ...)
Vino o birra D

Altro D

Altro

Figure S5.1. An extract of the Environmental Questionnaire, section E (Body weight and dietary
habits).
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